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ABSTRACT

In an attempt to select a suitable chemical method 
for assessing soil P availability in Arizona calcareous 
soils, four analytical procedures were investigated in a 
series of laboratory and greenhouse studies.

Five samples of the plow layer from each of twelve 
soil series from important farming areas in Arizona were 
used in the investigation.

Tomato plants were grown for seven weeks on soils 
with and without P fertilizers and subsequently analyzed for 
yield and P concentration. Total P uptake-was calculated.

Bray's P-1, Olsen's NaHCO^, carbon dioxide, and 
water soluble methods of soil P extraction were evaluated.

Bray's P-1 and Olsen's NaHCO^ extractable P were 
significantly related to yield expressed as per cent suffi
ciency. The soil P extracted by all of the four methods 
was also associated with yield when no P was applied, P 
concentration in plants, and to a higher degree with total 
P uptake by plants.

Electrical conductivity of the soils improved the 
prediction of yield with either NaHCO^ or Bray extracted P, 
when no P was applied. However, in predicting the yield 
sufficiency an improvement was observed only when E.C. was 
considered with results of the Bray method.
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viii
In addition to E.C., when the pH of the soils was 

entered into the stepwise regression function, with Bray 
extracted P , the predictability of yield without P was 
improved.



INTRODUCTION

The essentiality of the chemical elements for plant 
growth, the nature of their available forms in soil, and 
the relationships between the amounts of these available 
forms and plant growth have for centuries been the interest 
of many soil scientists. The main idea upon which early 
development of chemical procedures for measuring avail
ability of these elements to plants were based was that 
chemical extractants should simulate plant feeding and 
should remove from the soil amounts similar to crop content. 
Currently, the development of chemical procedures is based 
on extracting all or a proportionate amount of the available 
forms.

Due to the importance of phosphorus (P) in soil 
fertility, P determinations of soils have received great 
attention from soil chemists. Extensive investigations 
concerned with chemical methods have been undertaken for 
evaluating the P status of agricultural soils world wide.
The knowledge of the mechanism of phosphate sorption by 
plants and the soil factors influencing the availability of 
P have been influential in the development of soil P test 
methods, and have provided opportunity for the subject to 
be studied from many different approaches. Plants have been 
shown to utilize water soluble, carbon dioxide-saturated
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water soluble, acid soluble, and exchange sources of phos
phorus . The techniques for evaluating soil available P 
thus devised, have taken advantages of these conditions.

Several methods employing different principles and 
techniques have been used in attempts to characterize P in 
the soil system. In solution as well as in soil, the 
chemistry of P is very complex, consequently much attention 
has been given to controlling every detail of the analytical 
procedures. The choice of a suitable method of P determina
tion requires not only a clear understanding of objectives, 
but also the properties of the soils involved and the 
accuracy and precision required. There is an abundance of 
literature on soil P determinations and their relation to 
plant nutrition and soil fertility. Nevertheless, many 
questions relating to the testing of soils for available P 
remain unanswered, particularly with regard to calcareous 
soils.

The relative effectiveness of four chemical methods 
for extracting available P from some calcareous Arizona 
soils was investigated with the purpose to gain information 
which might improve the P soil testing procedure currently 
used by The University of Arizona Soil Test Laboratory. 
Relationships between the P extracted by each of the 
analytical procedures, yield, and P available to the plants

2
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LITERATURE REVIEW

Plants have been shown to differentially utilize P 
from soils (32, 37)• This variance in utilization of P is 
associated with the character of the root system in regard 
to its degree of proliferation throughout the soil, its rate 
of growth, the total P requirement of the plants, and 
metabolically produced CO^ and exchangeable H+ of plant 
roots (26). Each of these plant characteristics varies 
substantially among different species.

The requirements for a successful chemical method 
have been postulated by Bray (3) as follows: (a) the extrac
ting solution should extract the total or a proportionate 
part of the available form or forms of a nutrient from soils 
with variable properties, (b) the amount extracted should be 
correlated with the growth and the response of each crop to 
that nutrient under various conditions, and (c) the amount 
of nutrient in the extract should be measured with reason
able accuracy and speed. Most of the currently used methods 
have satisfied requirement c, but leave much to be desired 
in satisfying requirements a and b . The several soil test 
methods used by various laboratories have shown that each 
test will apply to a limited range of soils usually with 
similar chemical and physical properties.

3



4
Water Soluble Method

A large number of investigations (l, 2, 5, 21, 42) 
have been conducted based on extraction of soil P with 
water. This method consists simply of relating P avail
ability to P in a water extract of the soil. Under given

/soil and crop conditions this procedure has given satis
factory predictions of crop response to P fertilization (43). 
Olsen and Dean (27) reported that for soils low in available 
P, absorption of P and growth of plants increased as P 
concentration increased in the soil solutions up to adequate 
levels. By using water as an extractant on sandy soils in 
citrus fruit areas and the organic Everglades soils of 
Florida, Forsee (11) reported that the amount of added 
soluble P transformed into insoluble forms was not great, 
and the principal source of P for plants was water soluble.

Martin and Buchanan (20), working in California 
reported no grain yield response to applied P on soils from 
which more than 0.35 ppm P could be extracted by water.

A poor correlation between water soluble P in the 
initial extract and plant uptake of P was reported by Fried 
and Shapiro (12) working with eight acid soils. However, a 
better correlation between water soluble P and P uptake was 
obtained in the fourteenth successive extract.

On calcareous soils in New Mexico, Pack and Gomez 
(3l) reported that water soluble soil P was better correlated 
with P uptake by cotton leaves and alfalfa forage than P



5
extracted using either the Bray P-1, NaHCO^, or CO^ 
methods. They also reported a better correlation between 
water soluble soil P and NaHCO^ soluble soil P than between 
the results of any other of the soil testing methods 
studied.

Under many circumstances a satisfactory correlation 
between the water soluble test and the crop response has 
not been observed. Nelson, Mehlich, and Winters (26) have 
suggested that this could probably be due to the influence 
of the soil pH on the unbuffered character of the extrac
tant . The difficulty of obtaining a clear extractant has 
been reported as one problem associated with using this 
analytical procedure (26).

The concentration of P in solution has shown to 
increase, when the soil-water ratio increases. Olsen and 
Dean (27) have suggested that the saturation extract should 
be used for evaluating the P status of soils because it more 
nearly approaches the P concentration expected to be in 
solution from which roots absorb phosphorus. However, 
because it is more convenient a 1:10 soil to water ratio is 
often used for routine analysis.

The degree of interference from foreign substances 
is an important factor in the choice of a phosporus test. 
Watanabe and Olsen (4$) reported that soil organic matter 
interfered in the determination of P in water extracts.
They showed that organic matter lowered the analytical
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results and that the greatest effect was at concentrations 
less than 0.3 ppm when analysis was by the Dickman and Bray 
or Truog and Meyer methods. The same authors (46), using 
the modification proposed by Murphy and Riley (25) based on 
reduction of an ammonium molybdophosphate complex by acorbic 
acid in the presence of antimony, found the method less 
subject to interfering substances than methods using stan
nous chloride" as a reducing agent. In order to overcome 
the interfering effect of organic matter, Olsen and Dean 
(2?) have suggested using the isobutyl alcohol method 
proposed by Pons and Guthrie (33)•

Carbon Dioxide Method
Based on the fact that plant roots produce CO^ 

which influences P solubility, CO^-saturated water has been 
used as an extractant for evaluating available P from soils. 
McGeorge (22) found that in alkaline soils of Arizona the 
solubility of P increased with increasing concentration of 
COg in the water. He found that the amount of P dissolved 
was influenced by the soil-solution ratio. He was also able 
to show some correlation between carbon dioxide soluble P 
and results using the Neubauer technique of determining 
available P (23).

Working with alkaline calcareous soils, Pearson (32) 
found that the P concentration in the CO^-saturated water
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extract was related to the CO^ partial pressure or CO^ 
concentration in the water.

Ensminger and Larson (9), studying the carbonic 
acid soluble P and lime content in relation to crop response 
to P fertilization in Idaho soils, found a satisfactory 
correlation between the amount of P extracted and crop 
response. Stanberry (4l) found CO^ extraction a satisfac
tory substitute for the Neubauer method on irrigated alka
line soils in Washington. On acid soils of North Carolina, 
Fitts, Hanway, and Karbas (10) were not able to find any 
correlation between the P extracted by this method and plant 
response. Jones (15) , working with calcareous Arizona 
soils, found a significant correlation between the CO^ 
extractable P and the per cent yield response to applied P. 

He also reported that CO^ extractable P gave better correla
tion with total uptake of P than either Bray or NaHCO^ 
extractable P.

Bray's P-1 Method .
The assumption that plant roots excrete organic 

acids and that organic acids have a solvent power similar 
to COg-saturated water, has been used to justify the use of 
organic acids as extracting solutions. Inorganic acids have 
also shown to be be effective in removing plant available 
P. The choice of a specific mineral acid is largely based 
on the sensitivity required, the freedom from interfering
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substances especially in colorimetric determination, and 
the nature of the P to be extracted.

Dilute hydrochloric acid and ammonium fluoride 
solutions have been used largely as extractants of available 
P in soils. They have been used to remove easily acid- 
soluble forms of P, primarily calcium phosphates and a 
portion of aluminum and iron phosphates. In acid solutions, 
ammonium fluoride dissolves aluminum and iron phosphates by 
its complex ion formation with those metal ions. Dickman 
and Bray (8) found that fluoride was able to replace ad
sorbed phosphate from clay minerals. Bray and Kurtz (4) 

reported an excellent correlation between this method and 
plant yield response on Illinois soils. This method has 
been most successfully used on acid soils, but several 

investigators (15, 28, 30) working on calcareous soils re
ported a good correlation between P extracted by Bray's 
method and plant available phosporus.

Olson, Rhodes, and Drier (30), working on different 
soils in Nebraska, reported a good correlation between P ex
tracted by the Bray method and plant uptake of P, whereas on 
Arizona calcareous soils, Jones (15) found that this relation 
was not significant. In several acid soils of California, 
Pratt and Garber (34) found that P extracted by the Bray 
method was positively correlated with NH^Cl-soluble and 
NH^F-soluble P and negatively correlated with clay content. 
The effect of clay content in decreasing the effectiveness
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of the Bray method was related to exhaustion of the 
reagent.

The shaking time and the ratio of soil to extrac
ting solution influence the amount of P extracted and are 
not the same at various soil testing laboratories using acid 
extractants (l4). Smith, Ellis, and Grava (39) found that P 
extracted using a 1:15 ratio correlated the best when 
working with calcareous soils of Western Kansas to which 
rock phosphate had been added. It was assumed that the 
solubility of some tribasic calcium phosphate in calcareous 
soils was repressed by fluoride, causing a decrease in the 
amount of P being released compared to when acid was used 
alone. Much better correlation was obtained by Smith and 
Cook (38) when they used the soil to extractant solution 
ratio of 1:50 than when they used 1:10, working with 
several Michigan soils. Similar results were found by Pack 
and Gomez (31) in calcareous soils of New Mexico. They also 
reported a significant correlation between the results of 
the Bray method and plant uptake of P, but the results were
less satisfactory than those of either the NaHCO or CO3 2
methods.

Sodium Bicarbonate Method
Investigators of several studies conducted on cal

careous soils (5, 13, 35) have reported the solubility of 
calcium phosphates as a function of pH and Ca++ activity.
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Cole, Olsen, and Scott (6), working on solutions, reported
the solubility of phosphates in the presence of solid phase

4* 4*CaCO^ and at alkaline pH to be a function of Ca activity.
When acidic, however, the solubility of phosphates was a 
function of H+ and Ca++ activity. An increase in H+ 
activity increased the solubility of P and an increase in 
Ca++ activity decreased the solubility of P.

Olsen, Cole, and Watanabe (28) proposed a method in 
which P is extracted from the soil with 0.5 M NaHCO. at pH 
8 .5. The main effect of the NaHCO^ in calcareous soils is 
to decrease the calcium activity, which in turn increases 
the solubility of phosphates. In acid soils containing 
aluminum and iron phosphates, P concentration in solution 

increases as the pH rises (l8). In acid as well as in cal
careous soils, secondary precipitation reactions are reduced 
to a minimum because the A1 , Ca, and Fe concentrations 
remain at a low level in this extractant. Olsen, Watanabe, 
and Casper (29) found a very good correlation between 
NaHCO^-extractable P and crop response when oats was used 
as an indicator crop. Similar results were observed by 
Martin and Mikkelsen (21) in California and Smith et al.
(39) working with calcareous soils of Western Kansas.

Pack and Gomez (31) and Moser, Sutherland, and 
Black (24), working with soils from several parts of the 
United States, found a high correlation between NaHCO^- 
extractable P and uptake of P by plants.
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Lathwell et al. (17), working on soils of New York, 

found a satisfactory correlation between the NaHCO^ 
extractable P and crop response. They showed this method 
was less effective than anion exchange resin-percolation, 
anion exchange resin-equilibration, and sodium acetate 
extraction methods for relating available P and plant up
take of P.

On acid soils of California, Pratt and Garber (3 )̂ 
reported that increasing clay content decreased the effect
iveness of the NaHCO- method to extract available P. The3
effect was related to exhaustion of the reagent and 
secondary precipitations in the soil extractant.



MATERIAL AND METHODS

Laboratory Study
Five samples of the plow layer from each of twelve 

soil series representing several of the important farming 
areas of Arizona were selected for this investigation. The 
soils within each series were sampled from fields differ
ently managed with the intent of obtaining soil with 
different levels of available P. The site location for each 
sample is given in Table 1.

The soils were air dried and mixed thoroughly. Sub-
\

samples of the bulk soils were sieved through a 2 mm seive 
prior to physical and chemical characterization. Particle 
size distribution was determined by the hydrometer method, 
as described by Day (?)•

Soil pH and total soluble salts were determined on 
the saturated pastes and saturated extracts, respectively, 
as described by United States Salinity Laboratory Staff 
(44). Calcium carbonate was determined by method 23b as 
described in U.S.D.A. Handbook (44). Soil samples were 
analyzed in duplicate for extractable P by using the 
following extraction methods: water soluble; CO^ extract-
able P as described by Puri and Asyhar (36); Bray's P-1 
acid extraction as described by Olsen and Dean (27)5 and 
Olsen's sodium bicarbonate extraction (28). The development

12
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Table 1. Location, series, and texture of soils studied.a

Series
Identification

Number
Series
Name Textural Class'3 Location

1 Vekol C (1-5) Chandler
2 Grabe CL (1,2,4,5);L(3) Tuc son

3 Laveen SCL (1-5) Mesa Farm
4 Elfrida SiC (1-5) Wilcox

3 MohaveC L (1,2,4,5);C(3) Chandler
6 Anthony SCL (1-4);L(5) Chandler

7 Vinton SL (1-4);L(5) Chandler
8 Gila L (i-5) Chandler

9 Cogswell C (l ,3 ,4,5);L(2) Wilcox
10 Karro CL (1-5) Wilcox
11 Avondale CL (1-5) Tempe
12 Pima CL (1-5) Mar ana

aFive samples were collected from each soil series 
except for Grabe where only four samples were collected.

^Number in parentheses indicates samples of same 
texture within the series.

COne of the samples of this series was collected 
near Tucson.



of the phosphomolybdate blue color in water and CO^ 
extracts was by the Murphy and Riley (25) reagents as 
modified by Watanabe and Olsen (46).

All measurements of optical density were made with 
a Bausch and Lomb Spectronic 20 spectrophotometer using 
the appropriate wavelength for each determination.

Greenhouse Study
With the purpose of evaluating the. plant available 

soil P, a greenhouse experiment was conducted using 
tomatoes (Lycopersicon esculentum) as the indicator crop.
Six kilograms of each of the air dried soils were weighed 
and mixed thoroughly with Ca(H2P0^)^H^O at a rate of 300 kg 
P/ha and placed in plastic pots. Holes in the bottom of the 
pots permitted excess water to drain. A second treatment 
consisted of potting the soil in a similar manner but with
out the addition of P. Both treatments were replicated 
twice. At the beginning of the experiment all pots received 
nitrogen at the rate of 100 Kg N/ha applied as ammonium 
nitrate solution. Subsequent applications of N were made 
every 20 days at the rate of 50 kg N/ha. (See Fig. 1 .)

The pots were randomized on the greenhouse benches 
periodically throughout the experiment. The pots were 
irrigated with tap water approximately to field capacity, 
seeded on the surface of the wetted soils at the rate of 10 
seeds per pot, and covered with about three cm of



Fig. 1. General view of the greenhouse experiment.
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vermiculite. When the plants reached the four-leaf growth 
stage each pot was thinned to four plants. The tomato 
plants were grown for a period of seven weeks at the end of 
which the above ground portion was harvested.

After harvesting, the plant material was dried for 
48 hours at 85 C and weighed. The dried plant material was 
then ground to pass through a 20 mesh sieve. Approximately 
one-tenth g of dried plant material was accurately weighed 
into 50-ml beakers and ashed at 525 C. Phosphorus content 
of the ash was. determined as follows: a few drops of water
and 5 ml of nitric acid were added to the ash after cooling. 
The suspended ash was then heated on a hot plate until 
steaming, removed from the hot plate, allowed to cool, and 
30 ml of water added to it. Color was then developed in the 
filtrate of the suspension using the method proposed by 
Koenig and Johnson (l6) whereby 20 ml of vanadate solution 
is added folowed by water to adjust the volume to 100 ml. 
After 30 minutes the color density was read at 440 mp. wave
length using the spectrophotometer mentioned previously•

Correlations Between Soil Analysis 
and Crop Response

The dry weight crop yield was correlated with the 
P extracted from the soil by each of the four methods 
studied. Phosphorus concentration, expressed as a per cent 
of the oven-dry yield, and the total P uptake by plants 
grown on untreated soils were also correlated with P



extracted by each of the four methods used to extract soil
P. Per cent sufficiency of yield,^ per cent sufficiency of

2 3concentration, and per cent sufficiency of uptake were
parameters which were also evaluated in relation to P 
extracted by each of the four methods studied. Multiple 
regression analyses were performed in order to investigate 
the influence of selected soil properties on tomatoes yield 
in relation to soil P extracted by various procedures. Pro
cedures for the statistical analysis have been described by 
Steel and Torrie (42) and Snedecor (40).

17

1. Yield with no P v _ __ 
Yield with P X 100

2 . P cone, in plants with no P 
P cone, in plants with P X 100

P uptake by plants with no P 
P uptake by plants with P3.



RESULTS AND DISCUSSION 

Soil Analysis
The analytical results of the soils studied are 

presented in Table 2. Soil pH varied from 6.9 to 8.1 with 
most values being between 7•2 and 7•9• Electrical con
ductivity (E.C.) of most of the soils was below 3*0 mmhos/ 
cm, although the E.C. of soil samples 2-4 and 4-1 (Grabe 
and Elfrida series) were 4.8 and 4.7 mmhos/cm respectively. 
Salt damage to plants was not observed on any of the soils. 
The high salt concentration of samples 2-4 and 4-1 
apparently did not influence the yield of tomatoes because 
they are considered a medium salt tolerant crop. The car
bonate content of the soils, expressed as calcium carbonate 
equivalent, ranged from 0.3 to 10.4 per cent.

The Bray method extracted more P from most of the 
soils than the other methods studied. However, in soil 
samples 2-3 and 2-4 (Grabe series) it extracted less P than 
any of the other methods. More P was extracted by sodium 
bicarbonate than the Bray extractant from all the samples 
within the Laveen soil series. The high calcium carbonate 
content (9*0-10.4%) of this series might have influenced 
the solvent effect of the Bray extractant, thus lowering 
the level of P extracted.

18



Table 2. Chemical characterization and P extraction of Arizona soils

P extraction procedures
Soil sample 

number3 Bray 's -P 1 NaHC03 O O CO Wat er
CaCO. 
Eq. ̂ E.C.b pHC

1-1 319-0 50.0 20.0 11.3

%

•27

mmho/cm 
2.8 7-3

1-2 196.0 52.0 9.0 13.3 .91 1.9 7.7
1-3 24.5 4.0 0.6 1*5 1.17 2.5 7.8
1-4 43.8 15.0 0.9 1-9 1.04 1.4 7.7
1-5 91-0 23.0 2.0 3.6 1.63 2.6 7-7
2-1 34.0 25.O 6.0 3-5 2.61 •9 8.1
2-2 — — — — — — — — — — — — — —
2-3 3-5 32.0 13.0 5-2 3-52 .9 7-8
2-4 1.8 17-0 5.0 2.3 4.i4 4.8 7.6
2-5 34.0 18.0 1-9 . 1.5 4.22 1.6 7.7
3-1 7-7 11.0 1.2 1.5 10.41 2.2 7.8
3-2 2.8 11.0 1-3 1-3 8.96 1.6 7.8
3-3 4.2 15.0 2.3 1-5 9.13 1.4 8.0
3-4 18.0 24.0 3-0 2.6 10.11 1.9 8.0
3-5 7.0 11.0 1-5 1-5 9.47 1.6 7.94-1 261.0 25.0 3.0 3-2 . 3.82 4.7 7.5
4-2 96.0 20.0 3.6 2.9 2.58 3.1 7.6
4-3 67.0 18.0 2.9 2.5 ■- 1.53 3-8 7-6
4-4 128.0 23.0 4.4 4.1V, .36 1.6 7.2
4-5 134.0 34.0 4.7 5-2 .59 3.0 7.5
5-1 47.0 11.0 2.5 2.3 .32 1.1 7-4
5-2 54.0 . 15.0 1.5 2.3 1.09 1.8 7-7
5-3 50.0 21.0 2.2 2.5 1.71 1-9 7-7
5-4 105.0 24.0 3-9 3-1 .63 1.5 7.5
5-5 84.0 18.0 3-3 2.8 3.31 1.1 8.0
6-1 175-0 10.0 • 9 1.4 .41 0.9 7.1



Table 2.— Continued Chemical characterization and P extraction of Arizona soils

P extraction procedures
Soil sample 

number" Bray *s-P 1 NaHC03 ■8 to Wat er
CaCOo
Eq. E.C.b pHC
% mmho/cm

6-2 35-0 8.0 2.5 1.8 .45 2.2 6.9
6-3 252.0 34.0 15.0 13.2 • 32 0.9 7-2
6-4 60.0 17.0 2.5 2.5 .86 1.4 7.0
6-5 105 .0 17-0 5.0 4.8 .67 0.9 7.7
7-1 72.0 14.0 3.4 3.6 .61 2.1 7.8
7-2 194.0 28.8 20.0 10.6 1.00 2.5 7.7
7-3 148.0 27.0 8.1 9-0 .50 1-9 . 7.6
7-4 143-5 20 .0 7.9 4.5 .26 1.4 7.8
7-5 49-0 15-0 2.8 6.7 1.07 1-5 7.98-1 31.0 14.0 1.4 2.3 1.71 1-7 7-4
8-2 54.0 17-0 3.5 4.0 1.24 7.5 7-4
8-3 63.O 17-0 2.9 6.0 1.46 1.0 7.7
8-4 77-0 17.0 3.1 5 0 1.08 2.5 7.6
8-5 149.0 23.O 7.5 5-5 1.44 1.1 8.0
9-1 47.0 20.0 1.8 3-2 9.58 2.3 7.7
9-2 42.0 20.0 1.8 4.2 5.93 1 .0 7.8
9-3 59.5 21.0 2.9 4.2 • 4.92 0.8 7.7
9-4 10.5 17.0 1.5 2.3 8.89 1.7 7.6
9-5 38.5 20.0 1-7 4.2 3.21 1.1 7.6

10-1 28.0 20.0 2.0 1.5 10.00 2.4 7.6
10-2 59.5 22.0 3.5 2.3 3.14 0.9 7-9
10-3 80.5 30.0 3.0 2.3 3.57 2.6 7.6
10—4 80.5 28.0 3-5 2.3 5.50 2.9 7.6
10-5 40.0 25.0 2.5 1.7 9.56 1.0 7.8
11-1 21.0 14.0 1-5 1.2 3.90 1.3 7.8
11-2 21.0 15.0 1.4 1.2 5.15 1.0 7.8



Table 2.— Continued Chemical characterization and P extraction of Arizona soils.

Soil sample 
number"

P extraction procedures
CaCO a 
Eq. E.c.b pHCBray's-P 1 NaHC03 O O to Wat er

% mmho/ m

11-3 28.0 16.0 1.4 1.5 4.38 1.1 7*711-4 59-5 20 .0 2.5 1.7 4.50 1.4 7*8
11-5 63.0 20.0 3-1 2.2 5.03 1.2 7*912-1 28.0 17-0 3.0 1.8 2.23 6.0 7*6
12-2 31.0 17-0 2.9 1.6 ' 2.29 0.2 7*8
12-3 52.5 14 .0 1.5 1.4 1.09 0.3 7*8
12-4 52.5 15.0 1.4 1*3 1.44 0.2 7*7
12-5 77-0 20 .0 2.5 2.3 1.30 0.2 7*8

series.
aFirst number indicates soil series, second number indicates sample within

^Determined on extract of saturated soil paste. 
^Determined on saturated soil paste.

toH
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Phosphorus extracted using Bray, NaHCO^, CO^, and 
water methods ranged from 319*0, 52.0 , 20.0, and 13.3 to 1.8, 
4.0, 0.6, and 1.2 ppm, respectively.

More phosphorus was extracted by water than CO^ from 
some soil samples. In soil samples 2-3 and 2-4, more P was 
extracted by water than by the Bray extractant. This 
difference may be explained by the different soil to ex
tractant ratios used in these two methods in relation to the 
CaCO^ content of the soils. In the Bray method a 1:7 ratio 
was used, whereas a 1:20 ratio was used for the extraction 
with water. The small amount of extractant used in the Bray 
method may have been neutralized by carbonates (3*5 and 4.1%) 
in the soil, whereas, with the water extraction procedure 
the larger amount of solution may have resulted in a pro
portionately larger amount of P being solubilized.

Greenhouse Experiment

Yield
The oven dry yield of tomatoes was increased by the 

application of P on all but three soils (Table 3)• The dry 
matter yield values ranged from 4.1 to 23.7 on untreated 
soils and 15*2 to 25«8 on treated soils.

The yields from soil 2-2 were very low for both the 
P treated and untreated samples because of some soil con
stituent other than P (i. e. , pesticides) and consequently 
were not considered in subsequent evaluations.



Table 3• Yield, P concentration, and uptake of tomatoes grown in the greenhouse
on selected Arizona soils with and without applied P.a

Soilb

No P Treatment P Treatment
Yield

sufficiency
Dry matter 

yield
P

cone.
P

uptake
Dry matter 

yield
P

cone .
P

uptake

S °/o mg g °/o mg %

1-1 19-49 .340 66.4 26.38 .455 119.5 73-9
1-2 16.60 .190 33.0 18.99 .375 71.2 87.4
1-3 11.08 .145 16.0 21.05 .305 64.4 52.6
1-4 13.18 .165 21.8 19.60 .375 72.1 67.2
1-5 17.96 .190 34.1 20.73 .325 67.4 86.4
2-1 9.84 .270 27.9 18.28 .245 44.7 53*8
2-3 20.53 .205 42.1 25.79 .235 60.7 79-6
2-4 4.4i .235 10.2 30.37 .255 51.9 21.6
2-5 13.91 .150 20.7 23.93 .260 62.4 58.6
3-1 7.49 .140 10.5 17.83 .2 20 38.7 42.0
3-2 8.01 .215 17.3 15.85 •335 53.0 50.5
3-3 14.75 .190 27.5 19.15 .240 45.9 77.0
3-4 14.00 .190 26.6 16.4o .190 31.1 85.4
3-5 7-24 .125 9.0 18.75 .200 37.9 38.6
4-1 14.63 .175 25.8 17.03 .150 24.8 85.9
4-2 16.24 .160 25.4 20.18 .145 29.3 80.5
4-3 14.67 • 175 19.4 23.84 .185 44.4 61.5
4-4 18.87 •195 36.8 27.15 • 335 89.3 69.5
4-5 15.96 .190 30.4 21.93 • 275 60.6 72.8
5-1 19.69 .170 33-5 20.74 .415 86.2 94.9
5-2 16.36 .160 25.9 20.03 • 235 46,7 81.7
5-3 16.79 .150 25.2 15.73 .245 37-0 106.7
5-4 23 .66 .195 46.1 19.10 • 375 71.5 124.0
5-5 15.07 • 155 23.3 18.43 .440 20.3 81.8 toV)



Table 3♦— Continued Yield, P concentration, and uptake of tomatoes grown in the
greenhouse on selected Arizona soils with and without applied P.a

Soil*5

No P Treatment P Treatment
Yield

sufficiency
Dry matter 

yield
P

cone.
P

uptake
Dry matter 

yield
P

cone.
P

uptake

g % mg g . % mg %

6-1 14.96 .115 17.1 19.80 .430 85.I • 75-5
6-2 17.33 .120 20.7 18.36 .445 81.7 94.3
6-3 20 .06 •350 70.2 21.78 •535 116.5 92.1
6-4 14.01 .145 20.1 18.79 .460 86.3 74.6
6-5 17.83 .150 26.7 17.61 .260 46.5 101.2
7-1 4.10 .150 6.1 15.72 .160 24.9 26.1
7-2 13*46 .215 27.5 17.37 .195 33.7 77.5
7-3 14.57 .200 29.5 18.35 .215 39-7 79.4
7-4 14.98 •155 22.5 18.90 .260 49.1 79-3
7-5 7.59 .150 11.5 18.55 .195 35.8 40.9
8-1 5.36 .155 7.8 20.38 .200 40.9 26.3
8-2 4.30 .205 8.6 15.19 .150 22.8 28.3
8-3 14.60 .110 15.9 17.08 .170 28.9 85.5
8-4 6.66 .135 8.7 16.49 •155 25.4 40.4
8-5 20.11 •135 27.I 21.37 .200 42.8 94.1
9-1 15.15 .160 24.2 25.41 .190 48.0 59.7
9-2 16.58 .125 20.5 18.15 .205 37-1 91.3
9-3 20.24 .130 26 .1 20.77 .185 38.3 97.4
9-4 5.55 .120 6.6 19-73 .150 29.6 28 .1
9-5 10.89 .110 12.2 17.61 .220 38.5 61.8

10-1 12.34 .190 23.4 16.90 .185 31.2 73-0
10-2 15.67 .200 31-3 17-04 .200 34.0 92.0
10-3 19.71 .170 • 33-5 20.71 .220 45.2 95-2
10-4 16.86 .150 25.1 17.77 .165 29.2 94.9



Table 3*— Continued Yield, P concentration, and uptake of tomatoes grown in the
greenhouse on selected Arizona soils with and without applied P .a

Soilb

No P Treatment P Treatment
Yield

sufficiency
Dry matter 

yield
P

cone .
P

uptake
Dry matter 

yield
P

cone .
P

uptake

S % mg S % mg %

10-5 14.24 .140 18.5 20.36 •155 31.8 70.0
11-1 11.00 .110 12.1 19.51 .165 32.0 56.4
11-2 4.91 .115 5.6 18.29 • 175 32.4 26.8
11-3 4.67 .135 6.7 17.95 .170 30.2 26.0
11-4 11.33 .180 20.3 17.75 .220 39-1 63.8
11-5 12.93 .180 22.8 17.80 .190 34.6 72.6
12-1 11.12 .130 14.1 16.78 .165 27.6 66.3
12-2 10.64 .125 12.9 l8.8l .165 32.5 56.6
12-3 10.63 .120 12.7 16.32 .180 30.0 • 63.6
12-4 11.41 .150 16 .0 19.06 .170 32.4 59.8
12-5 12.32 .145 17.3 16.16 .180 28.4 76.2

^Average of two replications.
kpirst number indicates soil series, second number indicates sample within

series
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P Absorption

The P concentration of the plants ranged from 0.11 
to 0 .35% and 0.11 to 0 .53% on the untreated and treated 
soils, respectively (Table 3)• The P concentration is the 
plant seemed to be affected in different ways by the 
application of P depending on the initial level of P in the 
soil. For soils with low extractable P, addition of P 
caused a small increase in the per cent P in the plant and 
a relatively large increase in plant yield. Analytical 
results for soil sample 2-4 support this statement. This 
suggests that the P taken up by plants was used to produce 
more growth rather than increasing the P concentration. On 
the other hand, for soils where the P status is almost 
adequate for maximum yield the addition of P caused a small 
increase in yield and a relatively large increase in P con
centration in the plants. Soil sample 6-2 (Anthony series) 
appears to illustrate this situation. Between those two 
extremes an addition of P to the soil caused an increase in 
plant yield as well as in P content in the plant tissue. 
Results from sample 4-3 (Elfrida series) seem to exemplify 
this situation. These results seem to be in accordance 
with the "quantitative mineral nutrient requirements of 
plants" theory or Macy's (19) theory. This theory developed 
the relationship between per cent nutrient content in the 
plant and its sufficiency for plant growth.
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It has been assumed that absorption of P by the 

plant is proportional to available soil P. From the dis
cussed theory, P concentration in plants obviously has 
limited application for predicting available soil P. Only 
under conditions of very high available soil P or in the 
region of poverty adjustment as described by Macy (19) would 
the concentration of plant P be expected to relate directly 
to available soil P. Plant yield alone may not always be a 
good measure of available P either, since at high levels of 
available P yield may already be maximum and an increase may 
not result from increased P availability.

Thus, the total P uptake seems to be a better param
eter than either P concentration or plant yield for eval
uating available soil P. Plant uptake of P can be cal
culated by the following equation:

A x B = C
where " A = P concentration

B = yield 
C = P uptake

From the equation, P uptake can vary when one of the 
terms A or B varies keeping the other constant, or when both 
A and B vary. These variations were observed in data pre
sented here.
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Statistical Evaluations

Simple Correlation Analysis
Table 4 presents the simple correlation coefficients 

for correlations between soil P extracted by the four dif
ferent methods and parameters of plant response to native 
and applied P.

A reasonable degree of correlation should be found 
between the methods studied if they extracted the same 
chemical form or forms and/or the same relative proportions 
of these forms. The highest degree of positive association 
was observed between the CO^ and water soluble methods.
The existence of this relationship suggests that similar 
forms of soil P were extracted by both of these procedures.

Soil P extracted by both the Bray and the NaHCO^ 
methods was correlated significantly with per cent yield 
sufficiency. Phosphorus extracted by either CO^ or water 
were not significantly correlated with per cent sufficiency 
yield. Soil P extracted by each of the four methods was 
positively associated with plant yield on soils which 
received no P. The P concentration in plants grown on 
soils without added P was also significantly associated with 
the P extracted by each of the four methods tested. However 
a higher degree of correlation was found between the avail
able P determined by each of the four procedures and the 
total uptake of P by plants grown on soils without added P.



Table 4. Simple correlation coefficients of the variables studied

Variable 
number 2 3 4 5 6 7 8 9 10 11

1 .6?** .65** .72** . 46 * * .23 .39** .50** .64** .02 .34**
2 .71** .82** • 35** .31* .23 .69** .68** .17 .30*
3 .74** .46* * .32* .37** . 59* * .69** .17 .44**
4 • 31* .20 .24 .56** • 59** •03 .20
5 .44* * .92* * .25 .79** -.24 .54**
6 .02 .30* .49** -.19 — • 08
7 .13 .66** -.19 .64**
8 .75** .27* .28**
9 — • 06 .48**

10 .58**

1 - Bray P-1 procedure
2 - Carbon Dioxide procedure
3 - Sodium Bicarbonate procedure
4 - Water procedure
5 - Plant yield no P
6 - Plant yield with P
7 - Per cent sufficiency yield
8 - Per cent P in plant - no P
9 - Total Uptake - no P

10 - Per cent sufficiency concentration
11 - Per cent sufficiency uptake
*Significant at the .05 level.
* * Significant at .01 level.
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As might be expected, the degree of correlation between P 
concentration in plants and plant yields was not significant.

Per cent sufficiency concentration and per cent 
sufficiency uptake, previously defined, were studied with 
the purpose of investigating the relationships between P 
concentration and P uptake with extractable soil P. Per 
cent sufficiency concentration appears to be a useful param
eter when a factor other than P is limiting yield or when 
maximum yield occurs with native P. Under the experimental 
conditions, no growth factor other than P was expected to 
affect yield. On the other hand, only 3 out of 59 samples 
presented a maximum yield with native P. Consequently no 
significant correlations between extractable soil P and per 
cent sufficiency concentration were observed.

Per cent sufficiency uptake was signficantly corre
lated with Bray and NaHCO^ methods, plant yield, and P con
centration in plant. The better correlation between P uptake 
and extractable soil P suggests once more than uptake may be 
a better parameter than either P concentration or plant 
yield for evaluating available soil P.

Multiple Correlation Analysis
The influence of pH, E.C., CaCO^ content, and 

texture on response of tomatoes to native and applied P in 
relation to P. extracted by various methods was evaluated 
using multiple regression analysis (Table 5).
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Table 5 • Partial regression equations for the regression 

of selected soil properties on yield of tomatoes 
by Bray and NaHCO methods.a

= 12.464 + .035 Bray -

Yg = 66.434 + .l46 Bray -

.88? E.C.

= . 268 

4.282 E.C. 

= .215

Y1 = 50.035 + .270 NaHCO^ - 5.23 pH

R2 = .331

Y2 = 48.626 + 1.020 NaHCOj

R2 = .136

1.08 E.C.

^Independent variables which were not significantly 
correlated with either of the dependent variables are not 
shown. Variables included above are: Y^ = yield with no P

Y2 = per cent suffi
ciency yield.
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Although the multiple regression analysis was per

formed for each of the four analytical procedures, predicta
bility of yield was improved only by considering other soil
properties with either Bray or NaHCO„ extractable soil P .3
Among the variables considered in the multiple regression 
correlation, E.C. significantly improved yield predicta
bility when no P was added to the soils. Electrical con
ductivity improved predictability of yield sufficiency only 
when combined with P extracted using the Bray method.
Besides E.C., soil pH showed some improvement in the 
predictability of yield with native P on NaHCO^ method, 
whereas no influence of this soil property was observed in 
predicting yield sufficiency. The CaCO^ content and texture 
did not significantly improve any of the correlations. The 
fact that E.C. and pH did not influence the predictability 
of yield sufficiency in the NaHCO^ method suggests that up
take of P from fertilizers was not influenced by these soil 
properties. In this regard the development of analytical 
procedures capable of measuring soil P which is influenced 
by pH and E.C. might benefit future attempts involving 
selected soil properties to chemically determine available 
soil P.

nThe coefficient of determination (R ) for regres
sion including either NaHCO^ or Bray extractable P were 
lower for predicting yield sufficiency than yield with 
native soil P • It seems that forms of P other than those



determined by the methods, such as organic forms, may have 
influenced the yield with native soil P. The success of 
future attempts may be improved if these sources could be

33

measured.



SUMMARY AND CONCLUSIONS

Among the four chemical procedures for evaluating 
available soil P, phosphorus extracted by Bray's P-1 and 
Olsen's NaHCO^ procedures presented positive association 
between the extractable P and per cent sufficiency yield of 
tomato plants. The soil P , extracted by all of the four 
procedures, was also correlated with yield response to 
native P, P concentration in plants, and to a higher degree 
with total uptake by plants. The better correlation between 
P uptalee and extractable soil P suggests that uptake may be 
a better parameter than either P concentration or plant 
yield for evaluating available soil P.

Electrical conductivity of the soils when included 
in the multiple regression correlation, improved the pre
diction of the yield response to native soil with either 
NallCO^ or Bray extracted P . However an improvement was 
observed in predicting yield sufficiency only when E.C. was 
considered with results of the Bray method. In addition to 
E.C., inclusion of the soil pH in the multiple regression 
also resulted in an improvement in predicting yield response 
to native soil P, when considered with the results of the 
Bray procedure.

Analytical procedures capable of measuring soil P 
which is influenced by selected soil properties such as

34



E*C., pH, and others might be beneficial in future studies* 
Forms of soil P other than those determined by the methods 
studied, such as organic forms, should be measured in order 
to assure the success of future attempts•
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