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INTRODUCTION 

Phosphorus is one of the two most limiting nutrients to crop pro­

duction in South Dakota. Because of this fact, many recommendations 

for P fertilizer are made each day by the South Dakota State University 

. Soil Testing �ab. 

Nearly 65,ooo tons of available P are marketed each year in 

South Dakota as ·commercial fertilizer. This amounts to over 18 mil­

lion dollars of expense for South Dakota farmers. Therefore, it be­

comes essential that recommendations for phosphorus fertilizer be as 

accurate as our knowle_dge of the soil-p�ant system allows. 

Those recommendations are currently based on the results of the 

Modified Bray 1, 1:7 soil test, a test used by many states throughout 

the Midwest. Based on data collected from 74 small grain field ex­

periments over a lJ�year period, this test explains less than JO% of 

the variation in yield response to P fertilization. 

The purpose of this study was twofold: (1) to compare several 

al te:rnati ve soil tests ·on the basis of field response data; and ( 2} 

to evaluate the influence of several factors on the relationship 

between soil test and yield response to P fertilization. 
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REVIEW OF LITERATURE 

The nature of .available s oi l  phosphorus will be dis cus s e d  in. the 

,first portion of thi s li terature reyiew . This will. ·b e  .:!)91,lovye d by a re-

view of the research conducted with two soil t e sts for available P 

and their relation to soil P fractions. Factors influenci ng the re-

lationship b etwe en s oil P tests and respons e to P appl i cat ion will 

be the s ubject.of the final portion.of this reyiew. 

I. Available So il Phosphorus 

Soil phosphorus i s  a dynamic mixture of numerous compounds 

and phas e s  influenced by several soil ·factors . Williams (6J) con­

sfdere d  four component s of available soil P that mus t  b e  determine d 

to define the P status o f  a soil . The first of the four factors was 

the quantity factor whi ch Williams define d  as the total amount of 

available P in the soil . This represents the labil e pool o f  i sotopi-

cally exchangeable P which is o ft en expre ssed as the· "L value" of a 

soilo 

The intens ity factor represents the eas e or di fficulty of with-

drawal o f  P and, in s imple st form, i s  equivalent to the P conc entra-

tion in soil solutiono It · is normally determined as inorganic P ex-· 

tractable by .OlM CaC12 or b y  wat ero Hagan and Hopkins ( 21 ) showe d 

that b oth H
2

Po
4

- and HPo
4

= 
are absorbed by barley roots from the soil 

soluti on and are, therefore , l ikely the main form o f  P include d in 

thi s factoro 

The third factor was the capac ity. Thi s represents the 
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relationship between quantity and intensi ty and is often referred to 

as the phosphate-buffering capacity. It defines the ability of the 

soil to maintain the intensity duri.ng the_ growth of crops. · The 

fourth factor was a rate factor which indicates the ability of the 

soil to transport P to the root. 

Dalal and Hallsworth (11 ) evaluated these four factors in a· 

study of eight Australian soils. They used several tests for each 

factor and found that soil tests which estiroo.te the quantity factor 

were IIDst related to grain yield in £ield experiments and explained 

up to 93% of the variation in grain yield. 

Several investigators have found that soil tests which meas.ure 

the quantity factor are also correlated with the aluminum phosphate 

fraction �$- �etermined in the procedure of Chang·,.and Jackson . .(9,42, ., 

52, 61, 66). Murrmann anci Peech ( 31) reported that this fraction was 

JIDst significant in controlli:rig the soil solution P concentration and 

must also include adsorbed or labile P. Coleman ( 10) showed that 

good growth of cotton and oats resulted from montmorillonitic and 

Kaolinitic clays which had been previously purified and allowed to 

adsorb P. 

Al though surface p measurements alorie. do not .tend .to ·��be. pr,opor-

tional to available or equilibrium P concentration, Rennie and 

McKercher (45) showed that the percent saturation of' the adsorption 

maximurn may serve as a measure of the capacity of the soil to supply 

P to the soil solutiono They reported that o_rganic matter was equally 

important as clay in determining the adsorption capacity of soil and 
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tha� soils h_igh in organic matter may hold P with greater bonding en­

ergy than low o!ganic matter soils. Vijayachandran and Harter (57) 

concurred with this conclusion. and went"·on to indicate that cydroxy 

aluminum compounds on clay surfaces as well as anion adsorption sites 

on organic matter correlated with the Langmuir adsorption maximum. 

Seyers et al. (48) studied three Brazillian soils and found that 

they sorbed m:>re P as the pH decreased from 5.2 to 3.7. Olsen and 

Watanabe (37) showed that acid soils retained more P per unit of 

surface area and held the P with a greater bondi� energy than alka­

line soils. 

The P adsorption maximum and the equilibrium solution concentra­

tion of P, according to Woodruff and Kamprath ( 64), should be helpful L·. 

when studyipg soil tests for available P. They proposed that with 

these values, soils could be_ grouped together which require the same 

level of available soil P for maximum growth. 

The role of organic phosphorus in the P nutrition of plants has 

been a controversial issueo Thompson and Black ( 54 )  incubated Iowa 

soils for 30 days at 35° C and found 19.1 ppm P mineralized in virgin 

soils and 6.3 ppm in cultivated soils. Singh and Jones (49) similarly 

reported mineralization for the first 30 days of incubation at room· 

temperature. .After 75 or 150 days, however, they found that m:>re P 

was sorbed by soil if the P level in added organic residue dropped 

below 003%. This indicated that immobil�zation may have been occurring. 

·Net mineralization did not occur in these soils till after 150 days 

of incubation with the low P residue. Halstead et . al. (22) reported 



5 

that for soils of eastern Canada, part of the beneficial effect of 

lime on P availability is due to mineralization of organic P amounting 

to 5 to 8 ppm. 

O_rganic P, in certain soils, has s_ignificantly inf�uenced P 

mobilityo Hannapel et al. ( 23) added sucrose to calcareous Arizona 

soil and increased the amount of P movement 38-fold with more than 

95% of the P moving being o_rganic. 

The amount of o_rganic P in some soils has been related to. res­

ponse of crops to P application. In 31 field experiments with wheat 

in East Africa, 10 soil P tests were evaluated by Friend and Birch 

( 17). Total o_rganic P was most h_ighly correlated with P response in 

these soils. O_rganic _ P, however, represented 86% of the total soil 

P which is ·· �onsiderably more than the 50% reported in S outh Dakota 

soils by Westin and Buntley ( 62)o In a greenhous e  study of 17 acid 

Iowa soils , Eid et al. ( 13) . found that at 20° C ,  availability of soil 

r.to corn p�ants was most �ighly correlated with inorganic P ( Bray 

1 extractable) but at 35° c ·organic P soluble in hot 1% K2co3 and 

hydrolyzed by hypobromite related most to available P . In a study of 

8 small_ grain field experiments in Australia, Dalal and Hallsworth 

( 11) reported a correlation coefficient of • 92, which was s_ignificant 

at the o Ol level, between grain yield and o!ganic P. 

Several studies have been conducted evaluating the ability of 

plant roots to :utilize organic P. Ester.r...:a.nn and McLaren ( 14) found 

that barley roots produced the enzyme phosphatase in the root cap 

and on the epidermis o They reported that this enzyme may allow barley 
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to utilize organic P and urea thro
_
ugh hydrolysis of the s e  compounds 

by the root and rhizoplane o
_
rganisms. . ·They also reported the tem­

perature optimum of this enzyme was 38° C and the optimum pH was 5.3. 
In another study.by Greaves and Webley (19), a large number of or-

ganisms in the root r
_
egion of perennial ryegras s, t i100thy, and

. 
co cks-

foot were f'olllld that could.attack organic phosphates such as phenol-

phthalein diphosphate,
_ 

glycerophosphate, and sodium phyt at e . They 

went on to stat e that no definite conclusion. :coul d be made �egarding 

the relationship b etween mi crobial breakdown of soil organi c P and 

P nutrition of the plant. For the most part, the nature of the con-

trib ution of o
_rganic phosphorus in plant nutrition remains a ieystery. 

II. Soil· Tests for Available P 

Numerous quick soil t e sts for available P have been proposeq and 

evaluat e d  under various conditionso Two of t he mo s t  suc c es sful tests 

for midwestern s oils h ave
.

b een the Bray 1 (5) whi ch uses an extract-

i�g solution o f  dilute NH4F and HCl, and the Ols en method ( 36) whi ch 

extracts with NaHco
3

• These tests have been evaluat ed under both 

. greenhouse and field conditions in many stat e s  and s everal countrieso 

A summary of s ome of these studies followso 

Greenhouse or Lab Studies 

. -:--._ 
The phosphat e  fraction(s) extracte d by thes e  tests have been 

evaluate d  at seve ral locations with vari0us re sults .  In Mich_igan; ( 52),  

Bray P correlate d  only with the Al-P fraction . In Minnesota.( 9) ·and 

North Dakota (66), Bray P correlated with both Al-P and Fe-P fractions 
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while in South Dakota ( 61) and California ( 42), Bray P correlated with 

NH4 Cl-P and Al-P. In Mich.igan ( 52) and in Minnesota ( 9), Olsen P cor­

related with. orily Al-P. In North Dakota (66), Olsen P correlated with 

Al-P and Fe-P, but· in South Dakota ( 61) · with Al-P and Ca-P, . and in 

· California (42) with .Al-P and NH4Cl-P. The diversity of re sults is 

perhaps related to the diversity of soils studied. 

The correlation between these P fractions, by the Chartg'1 and-. \ 

Jackson method (8), and.P uptake or yield response has also been 

studied. In Indiana (1), P uptake by millet correlated with NH4Cl-P, 

Al-P, and Fe-P. In North Dakota (66), sudangrass dry ma.t�er response 

to P correlated with .Al-P, Fe-P, .and O_rganic P. In Vi_rginia ( 28), 

P uptake by oa.ts correlated with Al�P_ and· Ca-P, but in South Dakota 

(15), P uptake by barley correlated only with Al-P. Again, a diver-

sity of results is obtainedo 

Comparisons of the Bray 1 and Olsen tests have been made evalua-

ting the effectiveness of each test:in correlati� with P uptake or 

yield. In some instances ,  there appears to be no difference in ef-

fectiveness between the two tests (66,1,60). In other studies, the 

Bray 1 has been shown to be more highly correlated ( 33), while in 

some instances the Olsen procedure has been more related to P uptake 

( 52 ) o 

Field Studies 

. Much. le s s  work has; .been reported under field conditions· .'.and 

the extens iop. �f the,_ previ·ous.ly:, dis cus sed· 'greenhouse: �- - · .: . t • ··, : 

studies to f'ield conditions may not result in correct conclusions. 



A quite extensive study,· includi_ng . dat.a from 75 small grain field 

experiments in Nebraska, was conducted by Olson et al. ( 34 ) . Correla-

tion coefficients between percent yield increase from P fertilization 

and soil test can be found in Table 1. 

Table 1. Correlation coefficients between percent yield increase 
from P fertilizer and soil test for s everal Nebraska 
experiments. 

40 wheat exp. 

22 oats expo 

13 oats and 
wheat on cal­
careous soils 

Bray 1 

- . 632** 

- . 475*. 

- .. 632* 

Olsen 

- .577** *S.ignificant at .05 level 

- . 513* **S.ignificant at ..01 level 

- . 575* 

From this study, the authors divided the soil tests into res-

ponse ranges. "Assured responses" occurred if' Bray 1 P was < 15 ppm . 

or if Olsen . P was< 8 ppm. A "likely response" occurred if Bray P 

was 15-24 ppm and Olsen P 8- 12 ppm. · A "possible respons e" occurred 

if Bray_ P was 24-30 ppm or Olsen P 12- 16 ppm • .An "unlikely response" 

occurred when Bray P exceeded 30 ppm or Olsen P 16 ppm. 

Russel ( 46 ) stated that correlation experiments, i:f done with 

a crop in the field, rarely result in.correlation coef:ficients ex-

ceedi.ng 0.7. He also made the followi.ng statement: 

It is now clear that there cannot be a universal 
simple and reliable met�od of soil analysis that wi�l al­
low an accurate for�cast of the am�lUlt of phosphate ·a 
crop can take.up,from a soil,.for this depends, as already 
not ed, .. not qnly on the . . :P concentration in the .soil solu­
�ion and .its .. �ate ,of diffusion to the root surface, but 
also on the extensiveness of the.root system .and the amount 
of root hairs it. carries, and this depends on soi"'. and 
climatic f'actcirs unrelated to its phosphate status. 



It is becaus e of the points Russel summarizes in the previous 

quote that Part III is,included in this literature review. 

III . Factors Influencing P Response, P Availability Tests, and 
Their Interactions . 

Influence of pH . 

Soil pH reflects not only the amount of the various P fractions 

9 

occurring in a· soil, but has, been shown to influence o_rganic P miner­

alization rates as well as the P sorption characteristics of a soil 

(48,37) . Thompson et· al . (.55) reported that for .50 unlimed Iowa 

soils in both field and lab tests, o
.rganic P m:Lneralization increased 

markedly with pH but organic carbon and nitrogen did not. They also 

reported that the ratio of total o
_
rganic nitrogen and carbon to total 

o_rganic P increased with soil pH. 

In a greenhouse  study of 1 37 Indiana soils, Al -Abbas and Barber 

(2) reported correlation coefficients betwe�n P uptake and Bray 1 P 

of .64, .. .53, and . ".55 at pH r�ges of< 6, 6-7, and >7, .respectively., 

They also reported correlation·coefficients for Olsen P as .66, • .53, 

and • .55 at the same respective pH ranges . The indication, then, 

was that the slightly acid soils correlated somewhat poorer, than the 

acid soils .. 

Another greenhouse study of 30 South Dakota soils conducted by 

Sala.mi (47), showed no difference between acid and alkaline soils in 

their correlation between soil test P and percent.age yield., The same 

study, however, showed a highly s_ignificant correlat ion between soil 

P test  and P uptake for acid soils but :..io correlation between soil p 
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test .and P uptake for alkaline soils. . 

Influence of a ·wider ·sail. : Solution Ratio ·of the Bray Test 

Closely associated with pH is the Caco3 content of soils, at 

least for calcareous soilse Calcareous soils were defined simply by 

Olsen ( 35) as any soil" containi_ng Caco3• This will be the meaning 

associated with this term for the remainder of this paper. 

In a study of calcareou� Kansas soils ranging from 0.4 to 7 . 5% 

Caco3, Smith et al. (50) showed.that Caco3 neutralized the acid of 

narrow soil to solution ratios of the Bray reagent before available 

P could be extracted. He pointed out that a soil containing only 

0.88% Caco3 could neutralize.tll the acid in the 1:7 test, whereas, 

the 1:50 ratio had sufficient acid to react with a soil containing 

6."25% Caco3o The rank correlation between percent maximum yield 

values and Bray extractable P was Oo63, .883, and .881 for soil to 

solution ratios of 1: 7, 1:50, and 1:100, respectively. 

Blanchar and Caldwell (4), in a study of calcareous MiIUlesota 

soils, reported a nons_ignificant correlation coefficient of o 23 be-

tween P uptake by oats in a greenhouse and Bray 1, 1:10 P. When 

the soil to solution ratio was increased to 1:50, the correlation 

coefficient increased to .89, which was highly s_ignificanto They 

also found a s_ignificant inverse relationship between p extracted by 

Bray 1, 1:10 or 1:50 and Caco3 When dolomite was subtracted from the 

Caco3 equivalence. 

Influence of Genetic.Origin 

In a study of 270 Syrian soils, :Matar and Samman (29) reported 



a nons.ignificant correlation coefficient of a "!"' . O J . betw een Olsen P 

and relative yield incr eas e from P . in a greenhou s e  experiment .. · r f 

the soils were  divided into fo� groups based o� geneti c  or�gin , 

how ever , correlation coefficients became s_igni fi c ant . 

11 

In anothe� greenhouse study of JO South Dakota soils ,  Salami (47 ) 

showed a s.ignificant influence of paren t  m aterial on the relation­

ship between plant uptake of  P and soil test . In thi s study, plant 

uptak e of P was highly correlated with Bray 1:10 P, Bray 1:50 P, and 

Olsen P for th e till. soils but not· s_ignificantly correlated for resi­

dual soils or soils developed from loes s .  

A more spe cific soi� gen eti c characteri stic, soil texture, has 

been foun d  to in fluen ce soil tests in sever al in stance s .  Olsen and 

Watanabe ( J8) r eported th at at the same P concentration in solution, 

the ave�ag e rate of uptake (24 hours) w as five times great er in the 

Pierre clay soil series than in th e Tripp fine sandy loam serieso On 

the other hand, Pratt and Garber (42), .in a study of 29 California. 

soils ,  showed that as clay content increased in soil s� Bray extract-

.. able P decr easedo 

The In fluence of  lvfoi sture and Temperature on P Yi eld ·Respense 

A signi fi cant influ ence of climate on yield r espon se to P appli­

cati on has been n oted in many studieso In a greenhou se study of 20 

Oklahoma. soils, Gingrich (18) show ed that dry matter yield of winter 

wheat 24 days after planting w as not influ enced by application of P 

when th e  soil was maintained at 50° F r.egardless of P level pre sent in 

the soil • .. Hi s explanation for this pheil'�menon was th at the rate of. 
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.absorp-tion p.pd translocation was so low even }��he low f s9il supplied 

s\lfficie:r,tt avai.laple P. At 65° F, 8.8 ppm of P doubled the yield. 

A study with North Dakota sandy loam soils by Power et al. ( 41), 

which was conducted iD: growth chambers usi.ng b arley, provided evi� 

dence tha� growth responses on low P soils were very .
. 

sensitive to 

soil temperature.· They showed maximum response at 59° F with rapid 

decline if temperatures changed above or below_ this optimum. On me­

dium P soils, response was much less dependent on soil temperatures.· 

They also pointed out that this interaction causes correlation be­

tween available soil P and response to P fertilization to be very 

poor when a range of soil P levels and soil temperatures are included 

and may account for a s.ignificant amount of variability in field 

experiments in the Great Pl ains. 

A
· 

study involving 5 3 winter wheat field e . .x.periments in Oklahoma 

over four years was conducted by Eck and Stewart (12 ). The resulting 

correlation coefficient between Olsen P and yield response from 20 

pounds of P 2o 5 per acre was - • J7 which was h.ighly s.ignificant but 

explained less than 14% of the variation in response. They concluded 

that soil test alone could not be used as a reliable indicator of res­

ponse to P. In the same study, �egree days above 90° F for the final 

20 days preceding harvest
.

was most related to response from p fer­

tilization (.629)0 The authors' explanation for this was added P 

hastens maturity so the wheat suffers leas from the desiccati.ng effect 

of h.igh temperatures thah unphosphated wheat. 

Case et al. (7), in� greenhouse study with oats, reported 
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maximum he.ight respon se to appli ed P at 15° C, less at 20° C and lesser 

0 at 25 C .  Th ey su.ggested th at soil temperature effects on oat plants 

were at ·.least twofold : (a) a di rect effect on the physiol.ogy of the 

plants due mai:hly to in creased translocation of  P from roots to top�, 

(b) an indirect effect due to an increase in the rate of mineraliz ation 

of o_rganic P with increasi.ng soil  temperature . 

In a review article , Sutton ( 53) swmnariz es that there i s  good 

evi den ce th at l ow soil temperature can reduce  the availability of 

ino_rgani c P to plants and may, in some cases ,  redu ce the quantity of 

available Po 

An influence of moi sture has also been noted by several investi-

gators . Olsen et al. (39) reported th at for a group of calcareous 

Colorado soils ,  a lin ear positive relationship exi sted b etween P up-

tak e  and moi sture content for � given soilo In a four-year fi eld 

study of 13 f allowed s ites in Montana con du cted by Power et al . (40 ) ,  

yield in crease from P fertilizer h ad a correlation coeffi cient of 

o7J with soil  moi sture at seed�ng an d .90 with avaiiable soil moisture 

at seedi?g plus precipitation between tillering an d heading . 

Mack an d Barber (27) showed an interaction between moi sture 

an d temperature in a greenhouse study of In diana soils . An increase 

in moi sture content was associ ated with an in crease in th e dry weight 

an d P ·uptake-·at-· the . ·�ighe·r· soil teinperatlire ( 2?° C ) , but n ot at the 

lower soil temperature (16° C). 

Ragu se an d Evans ( 43) reported th at even small physi cal modifi-

cati on s .in soil profile, aspect of soil su rface, o r  s easonal climatic 

323293 

' ) 
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changes influence P uptake and mobilization of P by subterranean 

clover. Franklin ( 16) reported that raisi.ng the ionic strength of 

the absorbi.ng solution of oats, ·wheat, and barley stimulate.d P up­

take. · This indicates that even s�ight changes in microrelief of a 

soil wou.1.d likely influence the· P status of the plant growi?g in it. 

A summary of this review would indicate· that the accuracy of ' 

soil tests in predictJ.:ng response to P �ertilization varies. Much 

of the research conducted has been unde� greenhouse conditions and 

may not fit the varying conditions of the field.· In the field, fac­

tors such as pH, Caco3 content, soil. genetic or.igin,
. 

moisture, and 

temperature may influence the relationship between soil test and 

- response. to P fertilization. 

To study these relationships, .field experiments were established 

in South Dakota using rates of phosphate fertilizer as the variable. 

Yi�ld response data and the correspondi?g soil samples from these 

experiments were used to evaluate soil P tests and the influence 

various factors have on the correlation between soil tests and yield 

response to added.Po The ultimate objective was greater predictabil-

.ity of the P-supplying power of South Dakota soils. This, in turn, 

should provide South Dakota farmers with m:::>re accurate P fertilizer 

recommendationso 



METHODS AND MATERIALS 

F ield Methods 

The yiel d  dat a u sed in thi s  study was _the result of 74 small 

grain exp erim ent s condu ct ed in South Dakot a  between 1963 and .1975 

15 

as a part of th e South Dakot a St at e Uni versit y  soil f ert il ity pr.ogram. 

The l ocat ions of the experim ent s are sh own in Figu re L The year of 

the e.xp eriment ,: crop·sp eo ies , locat ion, an d  cl assificat ion of t he 

soil at t he exp erim ent al sit e  i s  giv en in T able 2 .  In all cases , 

t he phosphoru s  f ertil izer w as appl i ed w ith the seed. 

Laborat ory Met hods 

Th e air dried soils for thi s  stu dy were. groun d t o  pass thro.u gh 

a 2 mm sieve. They w ere stored in plast ic bags at room t emp eratur e 

from the dat e of the exp erim ent t o  the t ime at which t he soil ph os­

phoru s t est s  were condu ct ed. 

Ex changeabl e K, % o.rgani c matt er, . t extur e; and pH were det er- . 

m ined by th e S outh D akot a St at e University Soil T esti� Lab orat ory 

(
.
6 )0 o

.
rganic matt er was det ermined by a mo dificat ion of t he W alkl ey­

Bl ack m ethod • . Th e soil pH was measured in a 1:1 soil t o  wat er past e 

an d the t extu re cl ass was det ernlin ed by the ribbon methodo 

Seven phosphorus soi l  t est methods were used in this st udy. 

Th e rat ios , f oll owin g t he nam es of t he f irst 4 t est s  ref er to t he soil 

to solut ion rat io u sedo  The pro cedures were as follow s; 

Mo dif ied Br ay-1, 1:7 (6) In thi s  met hod, a .1�5-gram soil sampl e w as 

shak en with 10 ml of 0 0 OJN NH 4 F, 0 o 02'5N HCl in. a .50 ml erl erun eyer 
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flask for 2 minutes at 190 OPM. The extracts were .filtered and phos­

phorus determined by the Fiske-Subbarrow method ( 26). This is the 

method currently used by the South Dakota S tate University Soil Test-

ing Laboratory .. 

M"odified Bray--1, 1:10 This .method was identical to the above 

1:7 test, except that 1 .. 0_ gram o:f soil was used.· 

Modified Bray-1, 1:20 One_ gram _of soil was shaken with 20 ml 

of O.OJN NH4F, 0.025N. HCl. in .. a 3-25 ml erlenmeyer flask .for 2 minutes 

at 190 OPM.. The extracts were :filtered and phosphorus determined by 

the Fiske-Subbarrow method .. 

Modified Bray-1, 1: 50 One gram of soil was· shaken with 50 ml 

of O.OJN NH4F, 0.025N HCl in� 250 ml erlenmeyer :flask :for 2 minutes 

at 190 OPM.. The extracts were· :filtered and phosphorus determined by 

the Fiske-Subbarrow method .. 
. 

Olsen test · ( 36) A two-gram soil sample was shaken with 40 ml o:f 

0.5N NaHCOJ adjusted to a pH of 8.5 with NaOH .. The extraction was· 

conducted in a 125 ml erlenmeyer £1ask at 190 OPM for 30 mi nutes o · . 

The extracts were filtered and phosphorus in so lution was measured 

by the ascorbic acid method ( 58). 

Water soluble phosphorus A five�gram soil _sarqple was shaken with 

·50 ml of deionized water in a 125 ml erlenmeyer flask for one hour 

at 190 OPMo Solutions were centrifuged and filtered l.mtil clear. 

Phosphorus was determined by the ascorbic acid method using 2.5 

cm diameter cell in a Spec 20 colorimeter. 

Phosphorus sorption index ( 3) A five-gram soil sample was 
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equilibrated with 100 ml of 0.0175M KCl, 0.0025M KH2Po4 for 18 hoU.rs 

in a 250 ml erlenmeyer flask at 200 OP.M. Solutions were then centri-

.f_uged and filtered until clear. Phosphorus remaini?g in the equili­

brium solution was determined by the Fiske-Subbarrow method ( 26). The· 

difference between the amount of phosphorus in solution before and 

after equilibration was assumed to be the phosphorus sorbed by the 

soil. The index was computed as follows: 

Index = 

Statistical Methods 

micro.moles ·p·sorbed 
100. grams soil 

.;. log of equilibrium 
P concentration 

Small grain phosphorus yield responses were related to various 

soil tests thro.ugh linear regression and correlation analysis. Step:.... 

wise multiple �egression analysis employing dwmny variables was 

used to examine the effects of classification-cat.egories on predic­

tion of p yield response. The StatiBtical Package for the Social 

Sciences was the source of the computer programs ( 32 ) .o "F" and '�t" 

tests were conducted accordi� to Steel and Torrie (51). 
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Table 2 .  Experimental yearr location, crop species ,  parent material r and classification of soils 
in. the_ study �  

Sample 
No . � - _ _ . . Year 

- --

1898 1963 

1902 1963 

1908 1963 

1917 1963 

1921 1963 

1931 1963 

1937 1963 

1943 1963 

1948 1963 

1958 1963 

1963 1963 

1980 1963 

:_.., �county 

Harding 

Perkins 

Perkins 

Corson 

Dewey 

Potter 

Faulk 

Edmunds 

Brown 

Spink 

Spink 

Deuel 

Site Crop 

Knudson S-wheat 

Veal S-wheat 

Mitchel S-wheat 

Fars tad S-wheat 

Tusch S-wheat 

Nauman S-wheat 

Bergerson S-wheat 

Jung S-wheat 

Nygaard S-wheat 

VanVleet S-wheat 

Overby S-wheat 

Johnson Barley 

Parent 
Material Classification Series 

·Residual Typic Argiboroll , Morton 
Fine-silty, mixed 

Residual Typic Argiboroll , Morton 
Fine-silty, mixed 

Residual Typic Argiboroll , Morton 
Fine-silty, : mixed 

Residual Typic Argiboroll , Regent 
Fine , montmorillonitic 

Residual Typic  Argiboroll , Morton 
Fine-silty, mixed 

Loess Typic Argiustoll , Agar 
Fine-silty, mixed,  mesic 

Till Typic Argiboroll , Williams 
Fine-loamy, mixed 

Till Typic Argiboroll,  Williams 
Fine-loall\Y, mixed 

Eolian sand Aquic Haploboroll , Hecla 
Sandy, mixed 

Eolian sand Aquic Haploboroll , Hecla 
Sandy, mixed 

Lacusterine Pachic Udic Argiboroll , Harmony 
Fine , montmorillonitic 

Till Udic Haploboroll , Vienna 
Fine-loamy, mixed 

f-J 
'° 



Table 2 .  Continued.  

Sample Parent 
No o Year County Site Crop Material . Classifi cation · Series 

· - -

2611 1964 Spink Schween S-wheat Till Typic Argiustoll , Houdek 
Fine-loamy, mixed, mesic 

2623 1964 Faulk Bergerson S-wheat Till Typic Argiboroll , Williams 
Fine-loamy, mixed 

2658 1964 Gregory Norbe.rg S-wheat Loess Typic Argiustoll , Reliance . 
Fine , montmorillonitic ,  
mes ic 

2668 1964 Miner Walter Oats Till Pachic Haplustoll , Bonilla 
Fine-loamy, mixe d, mesic  

2678 1964 Charles :Mix McGuire S-wheat Loess Typi c Argiustoll , Reliance 
Fine, montmorillonitic , 
mesic  

GS90 1964 Gregory Cerny Oats Eolian sand Typic Haplustoll , Anselmo 
Coarse�loamy, mixed, mesic 

2716 1964 Brown Nygaard S-wheat · Eolian sand Aquic Haploboroll , Hecla 
Sandy, mixed 

2723 1964 Brown .. · . Ruden S-wheat Lacusterine Udic Haploboroll , Great Bend 
fine-silty,  mixed 

3150 1965 Gregory Warnke Barley Loess Typic Argiustoll , R�liance 
Fine , montmorillonitic �  
mesi c 

3155 1965 Charles Mix Uherka Barley Loess Typic Argiustoll , Reliance . 
Fine, montmorillonitic ,  
mesic 

l\.) 
3159 1965 Spink · Dumis . Barley Lacusterine Pachic Udic Haploboroll , Beotia 0 

Fine-silty, mixed 



Table 2 o Continued.  · 

Sample Parent 
No . Year County Site - Crop Material Classification Series 

3164 1965 Miner Walter Oats Till Typic Argiustoll , Houdek 
Fine-loanzy-, . mixed, mesic 

3217 1965 Edmunds Volk S-wheat Till Typic Argiustoll , Houdek 
Fine-loalI\Y, mixed, mesic  

3222 1965 Spink Schween S-wheat Till Typic Argiustoll , Houdek 
Fine-loaJey', mixe d, mesic  

3226 1965 Bro:wn Wright S-wheat Alluvium Aquic Haploboroll , Hecla 
Sandy, mixed 

3237 1965 Day Dedrick .... __;_ S-wheat Till Udic Haploboroll , Barnes 
son Fine-loamy, mixed 

3494 1966 Tripp Fischer Oats Residual Vertie Argiustoll , Millboro 
Fine, montmorillonitic , 
mesic 

3543 1966 Spink Golden S-wheat Lacusterine .Pachic Udic Argiboroll , Harmony 
Fine, montmorillonitic. 

3614 1966 Deuel Christ;.. -�Barley Till Hapludic Vermiboroll , Singsaas 
opherson Fine-loamy, mixed 

3637 1966 Edmunds Haar S-wheat Till Typic Argiboroll , Williams 
Fine-loamy, mixed 

3674 1966 Codington Mack Barley Loess . Pachic Udic Haploboroll , Brookings 
. Fine- silty, mixed 

4016 1967 . Codington Mack Barley Loess Pachi c Udic Haploboroll , Brookings 
Fine-silty, mixed 

4070 1967 Deuel Peterson Barley Till Hapludic Vermiboroll, · Singsaas l\) 1--' 
Fine-loaJey", mixed 



Table 2 .  Continued.  

Sample . Parent 
No o Year County Site · Crop Material · ·c1assificatidn · Series 

- --

4098 1967 Faulk PRC S-wheat Till Typic  Argiboroll , Williams 
Fine-loamy, mixed 

5002 1967 Day Bohn S-wheat Lacusterine Pachic Udic  Haploboroll , ·  Sinai 
Fine , montmorillonitic 

5116 1968 Meade Komes W-wheat Alluvium Aridic Argiustoll , Savo 
Fine , mixed,  mesic 

5121 1968 Pennington Kitterman W-wheat Residual Typic Argiboroll , Morton 
Fine-silty, mixe d  

5131 1968 Faulk PRC S-wheat Till Typic Argiboroll , Williams 
Fine-loamy,  mixed 

5136 1968 Hand Gerdes S-wheat Till Typic Argiusto11·, Houdek 
Fine-loamy, mixed, mesic 

514la 1968 Davison Strand Oat.s Till Typic Haplustoll ,  Clarno 
Fine-loamy, mixed, mesic 

514lb 1968 Davison Strand S-wheat Till Typic Haplustoll , Clarno 
Fine-loamy, mixed,  me sic 

514ic 1968 Davison. Strand Barley Till Typic Haplustoll , Clarno 
Fine-loamy, mixed, mesic 

5156 1968 Codington Mack · Barley Loess Pachic Udic Haploboroll , Brookings 
Fine�silty, mixed 

5173 1968 Hamlin Bevers S-wheat Till Udic Haploboroll , Poinsett 
Fine-silty, mixed 

5177 1968 . Faulk PRC S-wheat Till Typic Argiboroll, Williams !'\.) 
Fine-loa.Iey", mixed 

!'\.) 



Table 2 o  Continued .  

Sample Parent 
No . Year Cotmtl._ Site Crop Material Class ifi cat ion ·seri e s  

5735 1969 Meade Keffler W-wheat AlluVium- -- Aridic Argiustoll , Savo 
Fine , inixed,  mes i c  

5740 1969 Meade Bachand . W-wheat Alluvium Aridic Argiustoll , Savo 
Fine , lnixe d,  mesic 

6002 1969 Jone s R:ogh�ir W-wheat Loess Typi c Argiustoll , Reliance 
Fine , montmorilloniti c ,  
me sic 

6007 1969 Pennington Kitterman W-wheat Re sidual Typic Argiboroll , Morton 
Fine-silty, mixed 

6364 1970 Meade Bachand W-wheat Alluvium Aridic Argiustoll , Savo 
Fine , mixed, mesic 

6379 1970 Jones Roghair · W-wheat Residual Vertie Haplustoll , Opal 
Very fine , montmorillonitic ,  
me sic 

7282 1970 Minnehaha Otherby Oats Loess Udic Haplus toll , Moo dy 
Fine-silty,  mixed, mesic 

7299 1970 Brookings Colborn Barley· Loess Udic Haploboroll , Kranzburg 
Fine-silty, mixed 

7320 1970 Grant Kneeland S-wheat Till Udic Haploboroll , Vienria 
Fine-loaiey", mixed 

13216 1973 McPherson Eureka S-wheat Till Typic Argiboroll , Williams 
Fine-loamy, mixed 

13410 1973 Perkins. Bison S-wheat Residual Typi c Argiboroll , Morton 
· Fine-silty, mixed 1\) 

w 



Table 2 o  Continued 

Sample . Parent 
No . Year Count_y_ Site Crop Material Classi fication Series 

13427 · 1973 Spink Styles S-wheat Lacusterine Pachic Udic Argiboroll , Harmony 
Fine, montmorillonitic 

13435 1973 Meade Hereford S-wheat Alluvium Aridic Argiustoll , Satanta 
Fine-loamy , mixed, mesic 

13515 1973 Walworth Selby S•wheat Loess Typic Argiustoll , Agar 
Fine-silty,  mixed,  mesic  

16973- 1974 Clark Neuberger S-wheat Till Udi� Haploboroll , Poinsett 
86 Fine-silty ,  mixed 

17002- 1974 Brown Scharnock S-wheat Lacusterine Pachic Udic Haploboroll , Beotia 
17 Fine-silty, mixed 

17042- 1974 Dewey Stanley S-wheat Residual Vertie Haplustoll, Opal 
57 Very fine , montmorillonitic,  

me sic 

17062- 1974 Roberts Weeks S-wheat Till Aerie Calciaquoll , Fram 
76 Coarse-lo·ainy , frigid 

17116 1974 Hamlin Bevers S-wheat Till Udic Haploboroll , Poinsett 
Fine-silty, mixed 

19880a . 1975 Gregory Eide S-wheat Eolian sand Typic Haplustoll , Ans·elmo 
Coarse-loamy, mixed, mesic 

19880b 1975 · Gregory Eide Oats Eolian sand Typic Haplustoll , Anselmo 
Coarse-loamy, mixed, mesic 

19880c 1975 Gregory . Eide Barley Eolian sand Typic Haplustoll , Anselmo 
Coarse-loamy, mixed, mesi� !\.) � 



Table 2 .  Continued a 

Sample 
No . Year County Site 

20012 1975 Lyman Anderson 

200J8a 1975 Deuel · Knox 

20038b 1975 Deuel Knox 

20038c 1975 Deuel Knox 

200 38d 1975 Deuel Knox 

PI-PV 1973 Clay S . E .  Farm 

Parent 
Crop Ma. terial-. 

S-wheat Res idual 

S-wheat Till 

Barley Till 

S-wheat Till 

Oats Till 

-- Till 

Clas sifi cation 

Vertie Haplustoll , 
Very fine , montmorillonitic,  
me sic 

Udic Haploboroll , 
Fine-loamy, mixed 

Udic Haploboroll , 
Fine-loamy, mixed 

Udic Haploboroll , 
Fine-loall\Y, mixed 

Udic Haploboroll , 
Fine-loamy, mixed 

Pachic Haplustoll , 
Fine-silty , mixed, mesic 

. . . .  

Series 

Promis e  

Vienna 

Vienna 

Vienna 

Vienna 

Viborg 

l\) 
\)l 
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RESULTS .AND DISCUSSION 

Field experiments involvi?g phosphorus fertilization of small 

grains were used  to evaluate the effectivenes s  of several soil tests 

in predicti?g yield response to P fertili zation . The results of the· 

study are dis cus sed under three sections . In ·the firs t section, 

results of soil tests are reported and simple correlations between 

them are discussed . The effect of P fertilization on soil te sts 

is also examined.  

Section two includes a di scussion on the relationship between 

soil tests and yield increase from P fertili zation . In the third 

section, the effect of various factors on the relationship between 

soil tests and yield increase from P fertilization is examinedo  

Results of Soil Tests 

The results of soil tests from 74 small grain experiments include d  

in the study are reported i n  Table J .  The last five samples i n  the 

table , PI thro.ugh PV, represent five P treatments of a phosphorus 

residual experiment where the indicated appli cations of P fertilizer 

were made o 

Table 4 contains the simple correlation coefficients between 

ten variables  related to p status . A high correlation existed be­

tween all four of the Bray p test s .  The 1 : 50 showed a lower correla­

tion with the other Bray tests indicating that all samples were not 

releas�ng an equivalent additional amount of P at this �igher soil 

to solution ratio .  The Olsen test was most highly correlated with 

the Bray 1 : 20 0 This may be due to the e �ual soil to solution ratio 



Table J .  

Sample 

No .. 

1898 

1902 

1908 

1917 

1921 

1931 

1937 

1943 

1948 

1958 

1963 

1980 

2611 

2623 

2658 

2668 

2678 

2690 

. 2716 

2723 

Yield and soil test results . 

Texture . .  -
% 

Yi eld 
Check % In-

M::>dified Bray P Olsen Water 
· 1 :7 1 :10 1:201: 50 --P- Soluble P 

Clas s O .M. .E!L Kg/ha ( bu/A) �rease* pp2m pp2m · pp2m PP2m PP2m pp2m 

Si Cl L 6  6 ., 6  1350 ( 20 )  20 25 28 39 47 24 2 . 2  

Sil 1 . 2  6 .. 8 809 ( 12 )  17 35 38 45 66 26 3 . 8  

1 1 . 1 6 .. 4 877 ( 13 )  31 28 32 41 54 22 2 . 9  

Si Cl 2 . 3 6 . 5  1280 ( 19 ) 32 39 46 59 82 34 7 . 0  

Sil 1 . 7  6 .. 8 540 ( 8 )  50 27 34 42 62 25  3 . 5  

Sil 2 . 7  6 .. 6 877 ( 1 3 )  8 29 32 44 59 28 4 . 8  

1 2 .. 7 6 . 9  675 ( 10 )  50 35 37 46 62 31 5 . 6  

1 2 . 8  7 .. 0 1080 ( 16 )  38 36 42 57 78 36 5 . 9  

Sl 1 . 7  7 .. 6 944 ( 14 )  71 13 14 1? 32 14 3 . 7 

Sl 1 . 4 6 . 3  809 ( 12 )  25 21 25 36 46 18  5 . 5  

Si Cl 4 . 1  6 .. 6 540 ( 8 ) 50 35 44 50 72 34 6 . 8 

1 4 . 0  8 .0  1080 ( 20 )  45 6 7 22 40 21 2 . 9 

1 2 . 0  6 . 2  877 ( 13 ) 16 22 26 32 50 20 2 . 3  

1 2 .. 9 6 . 6  675 ( 10 )  50 29 36 42 60 24 3 . 5  

Si Cl 3 . 0  6 . 9  1619 ( 24 )  8 . 35 40 49 75 30 2 . 7  

1 2 . 7  6 . 7  612 ( 17 ) 17 24 30 35 54 26 3 . 8  

Si Cl 2 . 8  6 .. 8 472 ( 7 ) 29 22 29 34 48 24 2 . 8  

Sl 1 . 3  6 . 6  1150 ( 32 ) 19 29 34 36 58  24 4 . 0  

Sl 1-«>6 7 .. 3 809 ( 12 )  51 12 16 21 31 17 4 . 1  

Sil 3 . 2  6 .. 7 809 ( 12 )  42 25  19 36 54 23 4 . 9  

p 
Sorption 

Index 

164 

115 

135 

140 

164 

134 

96 

174 

0 

0 

115 

273 

125 

115 

254 

96 

144 

67 . 

-29 

67 l\) 
--J 



Table J .  Continued. · 

. Sample Texture 

No . · Class 

3150 Si Cl 

315 5  Si Cl 
3159 Sil 

3164 1 
3217 1 
3222 1 
3226 Sl 
J2J7 1 

3494 c 
)543 t)iCl 
3614 Sil 
3637 1 
3674 Sil 

4016 Si Cl 
4070 Sil 
4098 l 

5002 Si Cl 
5116 SiC 
5121 Sil 

. . Yield 
% Check % In-

0 .M. pH · Kg/ha ( bu/ A)  · crease* 

1 . 8  6 . 2  2100 ( 39 ) 48 

2 . 5  6 . 9  2270 ( 42 ) 14 

3 . 0  6 0 7 1730 ( 32 ) 16 

3 o 5 6 . 6  2520 ( 70 ) 23  

3 . 0  6 0 9 1480 ( 22 ) 46 

2 0 6  6 0 4  1750 ( 26 )  11 
1 . 5  7 . 0  1690 ( 25 ) 16 

4 o l 7 . 5  2090 ( 31 ) 39 
5 . 1 7 0 8  1040 ( 29 ) 10 

3 . 9  7 .  5. . 540 ( 8 ) 25  

4 . 9  6 . 5 2540 ( 47 ) , 21 
2 . 6 7 .1 944 ( 14 ) 28 

3 0 6  7 o 0 1130 ( 21 ) 66 
3 . 4  7 o 2 3450 ( 64 ) 6 

3 . 5  6 . 5  2750 ( 51 ) 63 

2 o 2 6 0 7 2360 ( 35 ) 17 

.3 0 5 7 . 4  . 2360 ( .35 ) 48 

1 . 9 7 0 .3 2090 ( .31 ) 23 

L 9  6 . 9  2560 ( 38 ) 11 

'Modified Bray P Olsen · ' . Water 
1 :7 l :io 1 : 20 1 : 50 ---P- ·soluble P 

: . _;: .. 

pp2m pp�m pp2m pp2m ·pp2m . pp2m 

30 46 50 75 28 2 . 5 

23  31 39 54 25  2 . 7  

25  29 36 47  23  4 . 9  

24 28 35 44 24 3 . 5  

21 27 32 40 20 3 . 5 

47 58 68 86 34 9 . 2  

33 35 43 62 25  11 . 1  

16 17 27 41 22 J . 7 
39 54 77 157  55 7 . 6 
37 43 58  84 30 7 . 5 

25 28 40 68 22 1 . 9 

1 3  12 22 40 14 1 . 0  

29 36 42 72 27. 2 ·.3 

25 :30 38 61 28 2 e 5 

20 24 31 56 23 1 . 6  

16 18 25  46 18 1 . 1 

17 20 24 48 22 2 . 5  

32 49 . 62 129 .34 2 . 4  

33 44 46 . 83 26 3 . 6 

p 
Sorption 
· rn.dex 

263 

194 

106 

125 

96 

86 
-66 

294 
334 

' 106 

406 

174 

354 

283 
243 

283 

224 

.304 

/125 l\.) 00. 



Table J .  Continued. 
Yield 

Sample Texture % Check % In-
Nd . Class O .M. pH Kg/ha ( b u/A )  crease* 

5131 1 2 0 8  6 . 6  1690 ( 25 ) 28 

5136 Sil 3 . 1  6 0 6  2290 ( 34 )  6 

514la Sil 2 . 3 7 o l 971 ( 27 ) ·7 

514lb Sil 2 . 3  7 . 1  1150 ( 17 )  8 

514lc Sil 2 o J  7 o l  917 (17 ) 25  

5156 Si Cl 3 . 7  7 . 1  2320 ( 43 )  28 . 

5173 Sil 4 o 2 7 . 4  2020 ( JO )  34 

5177 1 3 . 2 6 . 6  1690 ( 25 )  16 

5735 c 2 0 8  7 . 2  1690 ( 25 )  4 

5740 Cl 2 . 4  6 . 5 2430 ( 36 )  3 
6002 Si Cl 2 . 6  6 . 2  1750 ( 26 )  -4 

6007 Sil 1 . 7  6 . 6 1350 ( 20 )  25 

6364 Si Cl 1 . 2  7 . 7  1620 ( 24 ) 21 

· 6379 c 1 . 8  8 0 2  1550 ( 23 ) 26 

7282 Sil 2 . 4 7 . 0  3850 ( 107 ) 24 

7299 Sil 3 o l  6 0 8  1620 ( 30 )  50 

7320 1 4 . 5  6 0 5  1820 ( 27 )  22 

1.3216 Si Cl J . 1 7. 7 337 ( 5 ) 33 
13410 Si Cl 2 .o 5 6 0 7  2560 ( 38 ) 5 
13427 Si Cl 4 o l 6 0 6  1690 ( 25 ) . 12 

M:>dif ied Bray P Olsen--=:: Water 
1 : 7 1 : 10 1 : 20 1 : 50 ---P- Soluble P 

pp2m pp2m pp2m pp2m pp2m 

18 24 31 60 20 

39 . 26 5 5  86 32 

21 29 32 69 23 

21 29 32 69 2 3  

21 29 32 69 23 

22 27 35 54 25 

. 16 20 27 41 22 

22 26 33 46 22 

32 46 61 116 37 
42 49 59 114 34 

92 104 11.9 180 60 

32 33 40 75 24 

19 23 33 54 24 

8 15 24 70 19 

29 34 42 66 24 

16 19 25 48 20 

25 Jl 40 65 24 

9 12 18 . JO 16 . 

34 40 54 90 28 

37 44 57 . 92 33 

- �  

pp2m 

1 . 3  

5 . 2 
2 . 2  

2 . 2  

2 . 2  

2 . 7  

2 . 4  

3 . 3  
1 . 6  
J . 7 

14 . 3 

3 . 5 

1 . 1 

0.6 

2 . 1 

) o l  

4 .
. 
2 

1 . 8  

J . 6 . 

6 . 6  

p 
Sorption 

. .  Irtdcix . 

334 

174 

213 

213 

213 

28.3 

125 

233 
598 
194 

144 

154 
283 

479 

303 

154 

164 

233 
184 
115 l\) . '° 



Table J .  Continued 
. . . . ' Yield . · Mbdified Bray P Olsen · . Water p 

Sample Texture % Check % In- 1 :7 1 : 10 1 :20 1 : 50 -p- · Soluble P Sorption 
1'10 : . Class O .M. l?!!._ Kg/ha ( bu/A ) crease* · pp2m pp2in pp2m ·pp2rii pp2m . pp2m · · · rndex 

13435 Sil 2 0 6 6 . 5  1420 ( 21 ) 5 43 51 66 .' 102 31 3 . 6  174 

13515 Si Cl 2 . 7  7 . 8  1420 ( 41 )  9 11 16 21 52 17 1 . 1 253  

16973-86 Sil · 3 . 6  7 o 3  877 ( 13 )  39 15  18 26 52 10 1 . 1 216 

17002-17 Si Cl 4 . 2  7 o 5 877 ( 13 )  38 12 14 20 41 18 2 . 5  111 

17042-57 . Cl 3 . 0  6 0 9 472 ( 7 ) 43 19 24 30 61 19 1 . 6 226 

17062-76 81 2 0 6  8 . 1  1280 ( 19 )  32 8 16 25 40 16 0 . 9  25.3 

17116 Si Cl 4 . J 7 . 3 3850 ( 57 ) 21 18 20 31 57 . 24 2 . 1  253 

19880a 81 2 o 2  6 . 0  1080 ( 16 )  12 33 J5 42 68 23 J . 8 106 

19880b 81 2 o 2  6 0 0  1260 ( 35 ) 10 33 .35 42 68 23 . J . 8 106 

l.9880c 81 2 . 2  . 6 . 0  1460 ( 27 )  28 33 35 42 68 23 J . 8  106 

20012 c 3 .0 7 o 7  1420 ( 21 ) 7 10 28 47 126 29 2 . 9  448 

20038a 1 3 . 4  7 . 1  1510 ( 28 ) 15 14 16 24 54 
f 

19 1 . 4  324 

20038b 1 3 . 4 7 . 1 3580 ( 53 ) 19 14 16 24 54 19 1 . 4 324 

· 20038c 1 3 . 4  7 . 1  2160 ( 32 )  24 14 16 24 54 19 1 . 4  324 

200J8d 1 J . 4  7 o l  1980 ( 55 ) 25 14 16 24 54 19 1 . 4 324 

P applied ( Kg/ha ) 

PI 0 i2 18 22 50 17 1 . 3  253  

PII 45 27 . 34 4.3 76 . 26 24 253 

PIII ' 90 40 48 61 98 34 J . 8  224 
w 0 



Table J .  Continued .  
Yield · · · Modified Bray P · Olsen :. Water P 

Sample Texture. · % Check % In- l :  7 l :  10 1 :  20 1 :  50 P Soluble -P Sorption 

No o Class O oM. pH Kg/ha · ( bu/A ) creas e* · pp ail pp2m pp 2Iil pp an · pp 2n ·pp 2n Index 
P applied ( �g/ha ) 

PIV 180 60 68 84 123 49 5 . 2  

PV 360 122 129 156 232 77 1 5 . 2  

* Percent yield increas e from P fertilization over the check yield.  Calculated as (yield with P - yield without P)100 0 

yi eld without P 

243 

224 

w I-' 



Table 4 .  Simple correlation coefficients between soil tests . 

_ Independent Independent Variables 
Variable Description . z -----�-T- n,-"-�- -;--n--, ---- 6 '1 --0 �-T-. ---iu 

1 Modified Bray, 1 : 7 0 950** . 935** . 733** . 833** . 766** � . 242* - . 548** . 146 - . 155  

2 Modified Bray, 1 : 10 . 960** - . 823** . 876** . 707** - . 113 - . 448** . 276* - . 120 

3 Modified Bray, 1 : 20 . 884** . 928** . 723** - . 035 - . 374** . 346** - . 028 

4 Modified Bray, 1 : 50 . 869*"* . 496** . 260* - . 1 30 . 505** . 042 

5 Olsen P . 686** . 070 - . 198 . 484** . 126 

6 Water Soluble P - . 512** - . 311** - . 002 - . 001 

7 P Sorption Index 

8 pH 

9 Texture 
+ 

10 Organic matter 

+ Increasing texture refers to increasing fineness 

* Significant at . 05 level 

** Significant at o Ol level 

. 400** . 511** 

. 336** 

. 307** 

. 233* 

.173 

l e OOO 

\N l\) 



of these two tests . All P soil tests were correlated with water 

soluble P .  

33 

The �egative correlation .between the Bray 1 : 7 and pH is appar­

ently due partially to neutralization of the HCl in _ the Bray ext�act­

�ng solution by Caco3 • As the pH increased, Caco3 increased. This 

was verified  by observi.ng co2 evolution when HCl was added to the 

soil . The Caco3 caused neutralization of the acid in the extracti.ng 

solution and decreased the · dis solution of calcium phosphates in the 

soil . This relationship has been found in several instances where 

calcareous soils were involved . ( 4 , 50, 44 )  Also, Randall and Grava 

( 44 ) reported that duri.ng extraction, calcium may be complexi.ng the 

fluoride ion as CaF·2 • Therefore, complexing of the fluori de and 

neutralization of the dilute HCl by carbonate· may have caused the 

�egative correlation between pH and Bray 1 : 7  P. 

This
. 

effect of pH on Bray extractable P decreased as the soil 

to solution ratio increased . Since more acid and fluori de were 

present pe� gram of soil in the wi der dilutions , especially the 

1 : 50,  the Caco3 was not sufficient to neutrali ze the extracti.ng solu­

tion and the influence of pH on extracted P became minimal . 

The lack of · correlation between pH and Olsen P was likely due 

to the extract�:ng solution . This soil test uses NaHC03, a basic 

extracti?g solution, which theoretically shoul d not have been .affecte d  

by Caco3 content . This agrees with the :indings o f  Blanchar and 

Caldwell ( 4 .) but does not _
agree with Westin and Buntley ( 61 ) who 

reported a Il:egative correlation between pH and Olsen P for several 
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Chestnut soiJ_s. 

A constantly increasi.ng positive correlation between . Bray ex-

tractable P and t�xture was folllld as the · soil to solution ratio in-

creased. A positive correlation .was no.ted between texture arid pH and 

between texture and sorption index . Thus, as .texture became finer , 

pH increased and more Caco3 was probably present but at the same 

time . the · P sorption of the · soil increased and more P may have been 

present for potential extraction. 

The ·. presence of extra Caco3 in the finer-textured soils pre­

vented" .  the · Bray solution with narrower soil to solution ratios from 
. 

extracti.ng · the · P sorbed on the clay o As the soil · to solution ratio 

increased, �ufficient HCl and NH4F was present to dissolve the Caco3, 

as well · as .. ex�ract the· additional P present in the finer-textured 

soils.· This resulted in the· increasing positive correlation between 

texture . and Bray extractable P as the soil to solution ratio increased • 

. . The . positive correlation between Olsen P and texture adds sup-

port . to � .  the · precedi_ng explanation. Thearetically, NaHC03 extractable 

P . shohld-. not be influenced by CaCOr Thus, the Olsen te st should 

show a positive correlation with. texture if, in fact, more sorbed 

P is present in the finer-textured soils o 

The". P . sorption index was positively correlated with both tex-

ture and . �rganic matter . This indicates that P sorption sites are 

located· in . both the inorganic clay fraction and in o.rgani_c matter 

in these ·. soils. This supports the data from a s tudy of soils from 

11 states conducted by Vijayachandran and Harter (12) . 
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As the P sorption index increased, water soluble P decreased.  

In soils with greater P sorption ability, P was likely more .strongly 

sorbed . on . adsorption site s  rather . than in forms readily water soluble . 

Also, the· P sorption index· was calculated by difference between the 

initial p concentration and the equilibrium p concentration .  " There-

fore , as water soluble P increased, the equilibri um P concentration 

would also · increase .  This would cause a smaller difference between 

initial and equilibrium concentrations and thus decrease the P sorp­

tion index somewhat. Since the . amount of water soluble P . was . . - small 

relative · to : the amount of P sorbed for most soils , this second fac-

tor was lik�ly of minor s.ignificance . 

The . . influence of P fertilization on soil test values was examined 

at one location .  The soil tests from this experiment are not included 

in the correlati on matrix of Table 4 o  The P fertilizer was applied 

as treble s uperphosphate in 1964-67 and soil samples taken in 1973 .. · 
2 �igure 2 . shows the linear �egression equations, lines , and r values 

· .between .'the soil tests and applied P o  All soil P tests responded quite 

favorably to P fertilization, and all had r2 values of approximately 

. 99 - with the exception of water soluble Po If the l ast treatment ,  

360 �g/ha, is not included in the regression equation for water 

soluble P, the r2 value increases to 0 98 . Figure 3 shows the result-

i?g line and equation o 

It is the opinion of the author that at this �igher l evel of P 

fertilization, the relationship between added fertilizer P and water 

soluble p is no lo?ger . linear but rather curvilinear and the proposed 
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curve in �igure 3 results . This means that more of the fertilizer p 

added is result ing in P in wate r solub le form at the· h�gller applica­

ti ion rate s ·. · Only 2 . 44% of t he· first 180 Kg of· P applied resulted in 

water solub le P,  whi le 6 . 25% o f  the second 180 Kg re sulted in water 

solub le P .  

The Relat ionship Between Soil Tests and Yield 
Increase from P Fertili zation 

The ,.true test for any availab le soil nutrie nt parameter is its 

abil ity t o  predic t yiel d response to that particular nutrient under 

field conditions. The l
_
og of the percent yie ld increase over the 

che ck yield due t o  appli cation of P fertil izer was us ed a s  the . yield 

variable in this study. In experiments where more than one P ap­

plication rate was invol ved, t he rate
_ 

giving maximum yie ld was used . 

The relat ionship of yield increase to soil test was curvi�inear 

as indi cated by . the sea tte_rgrams in F.igures 4 ,  5 , and 6 .  To sim­

· .  plify �e gre ssion analysis and interpretat ion, various me thods of 

codi
.
ng we re e valuat e d  and the method resul ti.ng in highest correla-

tions was the one used . Expressing yield increase as a percent 

all owe d  comparisons to be made across crop species o 

Table 5 contains the simple �e g�essiori information for the 

se ven soil. tests examined. The best indicator of yield respo ns e  to 

P fertilization was the Modified Bray 1 : 50 . The poorest indicators 

were water soluble p and the s orpti on index . The amount of variation 

· explaine d  by the independent variable , as expresse d by t he coefficient 

of determination ( r2 ), continually increased as the soil to solution 

ratio of the Bray tests increased0 The Modifi ed Bray 1 · 50 explained 



12% more of the variation in yield than di d the Modifi e d  Bray 1 : 7 • 

. The Ols en t e st did no t explain more o f  the variation in yield 

re spons e than did the Mo difi ed Bray 1 : 7 . J. C .  Zubri ski ( 66 ) , in _ .  

a study of North Dako ta soil s ,  and R.  A. Ol sen and others ( 34 ) , in 

a study of Neb raskan soils , found similar re sults . on calc areous 

and nonc alcareous soils o 

Sinc e  the amount o f  variation explained by the s oil t e st alone , 

especially the Bray 1 : 7  or Ol s en te sts , i s  quite low, informat ion 

such as that re corded in Table 6 may be valuable . The table indi-

cates that with a Bray 1 : 7  test of 31-40 pp2m, 47% of the experi­

ments had less than a 1 5% yield increase . Wi th a Bray 1 : 50 t e st of 

71-90 pp2m, 42% o f  the experiments had l es s  than a 1 5 %  yiel d 

increas e .  

Table 5 .  Simple regres sion equations between soil tests , X, and 
log o f  the perc ent yield inc reas e from P ferti l i zation, 
Y, for 74 small grain experiments . 

+ 2 Soil Test Regre ss ion Equat ion r r 

M:>difi e d  Bray 
1 :7  y = 1 . 68 9  - . 01 5 3  x - .• 54l * *b c  . 293 
1 : 10 Y = L708 - . 01 31;  x - . 544 * *b c  . 296 
1 : 20 y = � . 799 . Oi27 X ..,; . 583**c . 340 
1 : 50 y = 1 . 849 . 0083 x - . 6 39**c . 408 

Ols en y = 1 . 899 - . 0240 x - . 535**b c  . 286 
Wat er Soluble Y = L 4 5 3 - 0 0438 X - . 29 5ab . 087 
Sorption Index · . Not Significant . . . . . - . 1 6l a  . 023 

39 

+ Correlation co effi ci ent s with the s ame l etter are not
. 

s.ignifi cantly 
different 1. at : . the . 05 level accordi.ng to � te st analysi s · · 

** Correlation coefficient signifi cant at . 01 level . 
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Table 6 .  Di stribution o f  yiel d increases in each 'soil P test 

M:>di fied Bray 1 : 7 
. % .Yi�l d � Irid��a��2 ) 

P pp2m I · Total 1 ) 0-15  16-30 31- 50 . >50 
0-15 1 5  20( 3 )  33( 5 )  33( ·5 )  1 3( 2 )  

16-30 36 14( 5 )  4 7( 17 ) 31( 11 ) 8( 3 )  
31-40 19 47( 9 )  32( 6 ) 21( 4 )  0( 0 )  

> 40 4 100( 4 )  0( 0 )  0(  0 )  0( 0 )  

. M:> dified Bray 1 :  50 
% Yi�1a · rrtc��ase2 )  · 

P pp2m Total 1 ) 0-15 16-JO ' Jl-50 >50 

0-50 20 0( 0 )  45 ( 9 )  45( 9 )  10( 2 )  

51-70 34 26( 9 )  50( 17 ) 21( 7 )  
71-90 12 42( 5 ) 17( 2 )  33( 4 )  

. >90 8 88( 7) 12( 1 )  0( 0 )  

1 ) Total number of experiments with soil tests falling 
in the specified range . 

3( 1 )  

8( 1 )  

0 (  0 )  

2 )  Number in parenthesis is  the actual number of  experi­
ments with given soil test and yield increase .  Number 
preceding the parenthesis i s  the percent of experi­
ments with the specified soil te st that responded 
with the indi cated yield respons e .  

The Influence o f  Various Factors on 
the Relationship Between Soil Tests and 

Yiel d Increase From P Fertilization 

Influence of Climate 

range . 

Since the best P so il test evaluated left 59% of the variat ion 

in yield respons e unexplained, an attempt was made to cat.egorize 

the soils in the study into groups in which the response was more 

predictable .  Climate was one of the criteria used in dividi?g the 

soils into more homogeneous groups . The suborder , .  great. group, 

and Sl�bgroup cat_egories of the comprehensive system of soil '. 

43 
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clas sifi cation ( 56 ) were us ed to cat_egori ze the cl imate factor . The 

s uborder and . s�bgroup cat_egbri es considered are shoW!l on the map in 

�igure · 7 . · 

. The·  :i;.nfl uence of temperature wa s examined by compari_ng the 

Borolls of . northern South Dakota to the Us tolls of s outhe rn South 

Dakota . . The·  l ine separating the Borolls and Ustolls represents soils 

·havi_ng . mean annual so il temperature s of 8° C with Borolls having mean 

annUa.1 soil tempe rature s less than 8° C ( 56 ) . 

The ilifluence of moisture was examined at two l evels o f  the 

clas s ificat ion system o  At the great group l eve� , Argi was compare d 

. to Haplo . Soils of the Arg� gre at_ group have developed �rgilli c  

· hori zons .. · . This i s  normally an indi cation of a dry s o il s ince s oil 

crack�ng . must be severe enough to caus e clay mi gration and the 

development .o f  an a_rgillic hori zon .. The Haplo great_ group specifies 

soils lack�ng an argillic horizon and, therefore , tend to be more 

m ist .. .. · 
At the s ubgroup l evel , ari dic and typic were compared to udic .  

The udic s�bgroup represents soils that either receive more rain­

fall o r  runoff water than the typic subgroup . The aridic Sl1:bgroup, 

representi?g an intergrade to the Aridisol order , is drier than the 

typic s1l:bgroup . The ari d.i c and typic s '-1:h groups were conib ined in 

· this analys is due to the few experiments conducted in the ari dic area . 

Table 7 contains the correlation coeffic ients and s_ignifi cance 

test s that res ulted from grouping the· soils by climatic factors .  

The soil tests , in general , correlated better with yi eld increas e  for 
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Table 7o  The effects of climate as  categorized: by the comprehensive system of soil classification 
( 15 ) on .. simple correlation coefficients between the log of the percent yield increase 
over the check and each soil test o . - + 

Correlation Coefficients ( r ) 
Num- Modified Bray P Sorption 

Clas sification ber --
Mollisols 74 

Bo rolls 43 
difference 

Ustolls 30 

Argi 38 
difference 

Haplo 33 

Aridic or Typic 40 
difference 

Udic 

Ha pl us toll 
difference 

Haploboroll 
difference 

Argiboroll 

Aridic or Typic 
Ustolls 

difference 
Aridic or Typic 
Bo rolls 

difference 
Udic Borolls 

Argiustoll 
difference 

r!3.plustoll 

13 

11 

22 

19 

24 

16 

12 

19 

11 

1 :7 1 : 10 

- o 54l**bc - o 544**bc 

- o 252a -·o 253a 
o lO o lO 

- o 627**b - o 590**b 

- o 587**ab - o 529**ab 
NS NS 

- o 298a - o 487**a 

- o 556**ab - o 515**ab 
NS NS 

- o l46a - o 266a 

+ o165a - o 09Ja 
NS NS 

- o 348a - . J6la 
NS NS 

- . 074a - . 080a 

- . 667**ab - . 585**ab 
. 05 NS 

0 . 074a � . lOOa 
NS NS 

� . o76a - . 229a 

- . 740**b - . 6J3**ab 
o Ol NS 

+ o l65a - .09Ja 

1 : 20 1 :  50 Olsen P Index 

- o 58�**c - o 639**c - . 535**bc  - . 16la 
- o 280a - . 384*a -- . 173a - . 133a 

oQ5 NS .05  NS 
- . 656**b - . 646**b - . 630**b - . 106a 
- o 588**ab - . 634**b - . 526**ab - o 2Jla 

NS NS NS NS 
- o 508**a - . 560**a - . 487**a - . 166a 

- = 556**ab - .659**b - . 545**ab - c 20Ja 
NS NS NS NS - . 118a - . 600*a - . 129a - o 550a 

- . 2J2a - .466a - - . 416a - . 050a 
NS NS NS NS 

- . 412a - .437*a - . 389a - . 180a 
NS NS NS NS 

- o l06a - . 329a + . 06la - . 149a 

- . 655**ab - . ?Ol**b - . 692**b - . 196a 
. 05 NS . 01 NS 

- . 089a - . J22a + . 060a - . l  72a 
NS NS NS - NS 

- . 039a - . 616*a - . 093a - . 538a 
- . 704**b - . 663**ab - . 658**ab - . 135a 

NS NS NS NS 
- . 232a - . 466a - - o 416a - . 050a 

Water 
Soluble - P 

- . 295*ab 

O . QJ8a 
. 05 

- . 533**ab 

� (j'\ 



Table 7. Continued 

Clas s ification 

Typic Argiboroll 
differenc e 

Typic Argiustoll 

Num"' 
ber 

16 

12 

1:7 
- o 074a 

. 05 
- . 770**b 

Correlation Coe fficient s ( r )
+ 

Modified Bray P 
r:10 1 : 20 

- . lOOa 
NS 

- . 64l*ab 

- . 089a 
0 05 

- o 744**b 

1 : 50 

- o 322a 
. 10 

- o 815**b 

Olsen P 

+ . 060a 
. 05 

- . 780**b 

+ Z test for difference between r ' s expres sed as follows : ·  

Sorption 
- Index . 
- o l72a 

NS 
- o 007a 

1 )  Correlation coefficients having the s ame letter across  a clas sifi cation category 
are not different at the . 05 level . 

2 )  Difference s  between classification categorie s :  
0 05 correlation coeffi cients different at the . 05 level 
o lO correlation coefficients different at the o lO level 

NS correlation coefficients not stati stically different 

* Correlation coefficient s ignificant at . 05 level 

** Correlation coefficient significant at o Ol level 

.r-­
� 



Ustolls, the warmer soils, than for the cooler Boroll soils. The 
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Bray 1 : 50 was the only test with a s_ignificant correlation in the Bor- . 

ol� group . The water soluble P test was added to this study primar­

ily in an attempt to improve the correlation in ' ,this_ group. Since 

it did not do this, it was not included in the rernaini?g compari-

sons. There was no advant_age to usi� the Bray 1 :  50 rather than 

the 1 : 7  amo?g the Ustolls, however , in the Borolls, it did increase 

the correlation. 

The influence of temperature amo_ng the more moist soils can 

be evaluated by compari
.
ng the Haplustolls ( moist, warin) · to the Haplo­

borolls (moist, cool). There were no s_ignificant differences be­

tween these two groups for any of the soil tests. 

The influence of temperature amo:ng the drier soils can be 

evaluated by comparing the aridic or typic Ustolls (dry, warm) to 

the aridic or typic Borolls ( dry, cool). The warmer soils had higher 

. .  correlations than the cooler ones o No soil tests were s_ignificantly 

correlated with yield in the cooler group. The same basic trend 

appears when typic Argiustolls ( dry, dry, warm) are compared to typic 

A!giborolls ( dry, dry, cool) o 

The effect of moisture on soil test correlation can be evalua- . 

ted by compari_ng Argi ( dry ) to Haplo ( mois·t) and by con..-ipari_ng aridic 

or typic ( dzy) to udic ( moist). In both comparisons, no s_ignificant 

differences between groups resUlted, however ,  in all but one case, the · 
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drie� group had the �igher r value .  

The influence of moi sture ·amo_ng the cooler soil s can be evaluated 

by compari?g Haploborolls ( moist, - cool ) to Argiborolls { 4ry, cool ) 

and by compar�ng the ari dic or typic Borolls ( dry, cool ) to the · 

udic Borolls ( mois t,  cool ) .  In both compari sons , moisture did not 

appear to . affect soil test correlation & 

The influence of mois ture amo?g the warmer soils can be evaluated  

by compari?g the Argiustolls ( dry, warm ) to  the Haplustolls ( moist, 

warm ) .  Al tho_ugh only the :Bray 1 :  7 showed a s_igni ficant difference ·  

between groups , for all tests , the drie� group had the �ighest r value . 

Also , all soil tes.ts had s_igni ficant correlations for the A!giustoll 

. group,  but none of the tests had s_ignificant correlations for the 

Haplustol� group . 

In summar.y, temperature seemed to exert the greatest influence 

on the correlation between so il test and yiel d increase ,  the warmer 

Ustolls be�ng more predictable than the cooler Borolls .  Specifically, 

the difference lies between the aridic or typic Ustolls ( dry, warm ) 

and the ari dic or typic Borolls ( dry, cool ) .  In addition, there 

appears to be a trend a.nnng the Ustolls showing greater predictability 

for the J\rgi ( dry )  than for the Haplo ( moist ) great groups . 

The s_ignifi cant influence of climate,  as categorized by the 

comprehensive system, on the correlation between soil tests  and yield 

increase prompted further study of the influence of genetic factors 

on the soil . tests investigated 0 A multiple r_egress ion analysis em­

ployi_ng . dummy variables · was conducted to invest_igate the · influence 

\1 : I I f J ,  1 1  t . . . 
: , " • - t 

I I � 



various genetic factors have on the relat ionship between soil tests 

and · yield response to P fertilization. 
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The· �egression pr_ogram used selected the most s_ignifi cant in­

dependent variable first . The next step selected the variable ex­

plaini_ng the_ greatest amount of variance unexplained by the variables 

or variable already in the equation . This  process continued until 

the F ratio for the next variable to be entered dropped below o Dl 

or the tolerance dropped· below _. . OOL The tolerance for an independ­

ent variable was calculated as the proportion of the· variance of that 

variable not explained by the · independent variables already in the 

�egression equation. 

Stepwis e  elimination of variables was then conducted by hand 

and all variables were deleted which did not ,  upon elimination, 

result in a s_ignificant decrease in regression sum of squares o The 

first_ group of s_ignificant variables encountered and all followi_ng 

variables were included in the resulti?g regression equation as 

advised by Dr .  Lee Tucker, Experiment Station Statistician .  Signi-

. ficance was determined by the F ratio which was computed as the change 

in sum of squares for the step in question, with one degree of free-

dom, divided by the . final error mean square o 

The results of this analysis· for the Modified Bray · 1 :  50 soil 

test are reported in Table 9 .  The li st from which the- variable s were 

selected · i s  recorded in Table· 8 .  All but three of  the variables con­

sidered could be eliminated stepwise from the r_egression without a 

s_ignificant re.duction in the regression sum of squares .. . The · three 
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s_ignificant variables were the Modified Bray 1 : 50, Ustoll, and vertic .  

Thes.e variables explained 51% . of the yiel d response .· 

The Ustolls responded less · to P fertili zation than did the other 

soils as indicated by the �egative partial �egress ions coefficient 

( Table 9 ) . Thi s  .may be due to basic differences in the P fractions 

of these so ils . Westin and Buntley ( 62 )  found that Us tolls in. South 

Dakota have · sl_ightly les s o.rgani c P and lower o.rganic C/o.rganic P 

ratios than Borolls . The warmer temperature s,  however, woul d  caus e 

more rapid mineralization which woUld in turn release ·more P for 

crop uptake . . The lower C/P ratio of the o.rganic matter in these soils 

woul d  .lik.ely cause thi s  factor to be even more s.ignificant . The 

additional P released from mineralization would caus e  these soils to 

respond less than the Borolls at the same soil test level . Westin and 

Buntley also reported that Ustolls have more iron and reductant P 

and less calcium P than Borolls .  This may also be a factor in caus­

i?g the · difference in response of  these soils o 

The. positive partial �egression coefficient for the vertic vari­

able indicates these soils. respond more to P ferti lization than do 

other soils at the same Modi fied Bray 1 : 50 level o The vertic soils 

are fine textured, clay soils and the Modified Bray 1 : 50 test was 

sho'Wn earlier to extract more P from these fine-textured soils . It 

may be extracting more p than is actually available for small_ grains ,. 

thus , these · soils appear to respond more to P fertilization than other. 

soils do . at the s ame soil test level o . Since the Mo difie d  Bray 1 : 7  

·. test was not correlated wi th  texture, · the ·  verti c subgroup was riot 



Table 8 .  Independent variables included i n  the multiple �egression .  
analysis of 74 smal� grain experiments .  

Independent 

·variable 

BRF 

Ber 

UST 

A!g 

Hap 

PMl 
PM2 
PM3 

P.M4 

SGl 

SG2. 

SGJ 

SG4 

SG5 

SG6 

Sor 

Ml 

M2 

M3 

PHl 

PH2 

PHJ 

Tl 

T2 

TJ 

OM 

Ber X 

Ust X 

·Arg X 

Description · 
Modified Bray 1 : 50, pp2m P 

. Suborder Borell (0, 1) 
Suborder Ustoll (0, 1) 
Great_ group Argi ( 0, 1 ) 

Grea� group Haplo (0, 1) 

Parent material Eolian sand ( 0, 1) 

Parent material Loess (0, 1) 
Parent material Residual (0, 1) 
Parent material .Alluvium (0, 1) 
Subgroup Typi c ( 0, 1 ) 
Subgroup Aridic ( 0,1) 
Su?group Udic or Hapludic (0, 1 ) 
S�bgroup Pachic udic (0, 1) 
Subgroup Aquic ( 0 ,  1) 

Subgroup Vertie ( 0,1) 

P Sorption Index 

Crop oats ( 0, 1 )  
Crop barley ( O, l ) 
Crop winter wheat ( O, l ) 
pH < 6 .  6 ( 0, 1 ) 

7 0 6  > pH > 7. 0 ( O, l ) 
pH > 7 o 5  ( O, l ) 
Texture Sandy loam ( 0, 1) 
Texture Clay loam or Silty clay loam ( 0, 1 ) 

Texture Silty Clay or Clay (0, 1 )  

Percent Organic matter 

Bor * BRF 

Ust * BRF . 

A_rg * BRF 
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Table 8 .  Continued . 

Independent 
Vari able De scription 

Hap X Hap * BRF 
Pfil X PMl * BR.i.ti' 
PM2 X PM2 * BRF 
PMJ X PMJ * BRF 
PM4 x PW.. * BRF 

SGl X SGl * BRF 

SG2 X SG2 * BR.F 
SGJ X SGJ * BRF 

SG4 X SG4 * BRF 

SG5 X SG5 * BRF 
SG6 X SG6 * BRF 

Ml x Ml -*· BRF 

M2 x :M2 * BRF 

MJ X M3 * BRF 

Pl X PHl * BRF 
P2 X PH2 * BRF 

PJ X PH3 * BRF 

Tl X Tl * BRF 

T2 X T2 * BRF 

TJ X T3 * BRF 

Pl T PHl * Tl 

P2 T PH2 * Tl 

PJ T PH3 * Tl 

P4 . T PHl * T2 

P5 T PH2 * T2 
P6 T PH3 * T2 

P7 T PHl * T3 

pg T PH2 * TJ 

P9 T PHJ * TJ 

Pl S PHl * Sor 

P2 S PH2 * Sor 

PJ S PHJ * Sor 



Table 8 .  Continued . 

Independent 

·variable · Description 
Rl x OM * BRF 

.. 

RD 1 OM *  Bor 

RD Z OM ·* Us t 

RE 1 OM * A!g 

RE Z OM * Hap 

RF 1 OM * SGl 

RF 2 OM *. SG2 

RF 3 OM * SG3 

RF 4 OM * SG4 

RF 5 OM * SG5 

RF 6 OM * SG6 

RG 1 OM * PMl .  

RG 2 OM * PM2 

RG 3 OM * PMJ 

RG 4 OM * PM4 

RM 1 OM * Ml 

RH 2 OM * M2 

RM 3 OM * MJ 

RP 1 OM * PHl 

RP 2 OM * PH2 

RP 3 OM * PHJ 

RT 1 OM * Tl 

RT 2 OM * T2 

RT 3 OM * TJ 

Bor X thro
.
ugh RT J are. dnteraction variables whe re * indicates 

multipli cat ion . 

54 . 
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T ab l e 9 . S t ep w i s e mu l t ipl e r e g r e s s i o n  f o r  e s t i m a t i n g Y ,  
t h e  l o g  o f th e p e r c e n t  y i e l d i nc r e a·s e  f r o m  p 
f e r t i l i z a t i o n  ov e r  t h e  c h e c k  y i e l d , u s i n g  g e n e t i c  
f a c t o r s  a n d  M o d i f i ed Br a y  1 : 5 0 . *  

-

. INDEPENDENT VARIABLES, X _R_. R2 · E-SIG�I 
BRFJ UST J SG6 . 716  . 513 
BRFJ UST • 682 . 4 65 

. 6 . 57 . 02 5  

BRF . 639 . 409 
5 . 58 . 025  

THE F I NAL EQUAT I ON :  Y=l . 8791-· . 0078X1- I 2139X2+ .  362 3X3 

I NDEPENDENT 
�ARJAijLE 

. X1=BRF 

X2=UST 

X3::;SG6 

DESCRIPI.ION 
MOD I F I ED BRAY 1 : 50J PP2M 

SUBORDER USTOLL (OJ l)  
SUBGROU P VERT I C  (0 J l )  

* T h e g e n e t i c  f a c t o r s  i n c l ud e d  i n  t h e  r e g r e s s i o n  a n a l y s i s . · 
a r e  " B o r " t h r o ug h  ·" S G 6 "  a n d " B O RX " t h r o u g h " S G 6X "  i n · 

· T ab l e  8 .  
· 

signifi cant . in regre ssion analysi s  with this test � 

Tabl e 10 contains the result of the multiple regres sion analys is 

us ing the Modi fied Bray 1 :  7 soil test . All but. two variabl es con-

sidered could b e  eliminated stepwise from the
. 

regress ion without a 

.
signifi cant reduct ion in the regression sum of .squar e s . The two 

variables we re Modified Bray 1 : 7  and Ustoll * Bray 1 : 7 . Here , as in · 

the 1 : 50 tes t ,  the Ustolls responded less than the o ther soil s ,  

however� the manner in whi ch they responde d le s s  di ffe re d .  I n  this · 
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T a b l e 10. S t e p w i s e  m u l t ip l e  r e g r e s s i o n  f o r  e s t i m a t i n g Y ,  
t h e  l o g  o f  t h e  p e r c e n t y i e l d i n c r e a s e  f r o m  p 
f e r t i l i z a t i o n  o v e r  t h e  c h e c k  y i e l d , u s i n g g e n e t i c  
f a c t o r s a n d M o d i f i e d  B r a y  1 : 7 . * 

I NDEPENDENT VARIABLES . X 
USTXJ BRS 

USTX 

_B_ 
, 654 
. 632 

? _8=__ 
. 428 

. 399 

F-S IGN 

. .  
3 . 17 . 10 

THE F I NAL EQUAT I ON :  Y=l . 5768- . 0098X1- . 0063X2 

I NDEPENDENT 
VARIABLE 
X1=USTX 

DESCRIPTION 
( UST < O� l ) ) * (BRS ) 

MOD I F I ED BRAY 1 : 7 J PP2M 

� Th e  g e n e t i c  f a c t o r s  i n c l u d e d i n  t h e r e g r e s s i o n  a n a l y s � s  a r e  
" Bo r "  t h r o u g h  " S G 6 "  a n d " B O R X " t h � ou g h  " S G 6 X " i n  T a b l e 8 . 

A l l  B RF v a r i a b l e s  w e r e  r e p l a c e d w i t h  B RS . 

case the difference in response due to a soil being a Ustoll vms not 

.constant but varied  wi th soil P test level , the largest difference-

occurri?g with the h.ighest soil tests . This  is evident from the Ustoll 

* Bray 1 : 7 interaction term. 

Influence of  pH 

The second factor studied was pH . The influence of pH on mean 

extractable P by the various soil tests i s  presented in F�gure 8 . 

Generally all five soil tests extracted less P as the pH increased .  

A similar effect on Connecticut soils usi.ng the Bray 1 :  10 was found 

by Gr if fin ( l? ) • 

The exception to this trend of decreas�ng extractable P with 
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50 
_J 
t--4 
0 
(/) 
2: 40 ......... 

a_ 
� 
N 
0... 

. 0... 30 

2 0 

.1 0 

0 6 . 3 6 . 8 7 . 2  
MEAN PH 

160 244 

57 

BRAY 1 : 50 

BRAY 1 : 20 

OLSEN 
BRAY 1 : 10  

BRAY 1 : 7 

284 
. . . 

F I GU R E  8 .  TH E E F F E CT OF  P H  ON � EXTRACTAB LE P .  
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increasi_ng pH was the Bray 1 :  50 test at pH 7. 8 .  F_igure 8 shows the 

alkaline soils_ generally had �igher · P sorption index values than the 

acid soils � · . This is  caused
.
:primarily by the fine-textured, shale­

deri ved soils of western South Dakota · whic�· generally have high pH 

values and �igh sorption indices . The. previous dis cussion on tex- . 

ture and . the · effects of wideni?g the. Bray soil to solution ratio ex-

plains why· the soils With. a mean pH of 7 . 8  had a �igher Bray 1 : 50 

mean than the· 6 . 8 or 7 . 2  soils . 

The" B�ay 1 : 50 and the· Olsen test were affected least by an 

increase · in pH . Thi s was expected since both tests are buffered 

_against · soil pH changes .  

Soil pH also influenced the correlation o f  soil tests with yield 

increase from P fertilization . Table 11 contains the correlation 

coefficients for each soil test in five pH ra_nges . The only test 

that exhibited a s.ignificant correlation with yield increase  over 

all pH r8:11ges was the M::>dified Bray 1 :  50 . All other soil tests were 

not s_ignificantly correlated wi th yield increase in the 6 .  6 to 7 .  0 

pH ra.nge and in the > 7 o 5 pH r�ge . The nons.igni ficant correlations 

for the Bray tests with narrower soil to solution ratios in the 

> 7. 5 pH ra?ge , are probably due to exhaustion of · the extracti.ng 

re.agent by Caco3 as was discussed earlier . 

The unexpected poor correlation in the 6 . 6 to 7 . 0  pH r�nge caused 

so.me additional compari sons to be made o Table 12 shows the influence 

of pH and suborder on the correlation between P sorption index and 

t · In each c· ase where low correlations exture or organi c matter . 
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Table 11 . The effect of pH on s imple correlation coeffi cients between 
the l.og of the percent yield increas e over the check and 
each soil test . 

pH 
So il Test · < 6 . 6  6 � 6..:. 7 .  0 ' " 7 .  I-7 .  5 > 7 � 5  . . > 7 � 1 
Modified 
Bray 1 : 7 - . 818** - . 3.33 - . 475*  - . J87 - 0 446* 

1 :10 - . 768** - . 166 - . 509* - . 621 - . 590** 
·, 

1 : 20 - . 785** · - . 360 - . 464 * - . 6.33 . - . 614** 
1 : 50 - . 850** - . 366* - . 542* - . 743* --. 660** 

Ols en P - .  741** - . 214 - . 546* - . 561 - . 605** 
Sorption Index + . 141 + . OJ8 - . 590** - . 621 - .. 697** 

Number 15 JO 20 9. 20 

* s.ignifi cant at . 05 level 

** �ignificant at . Ol level 

Table 12 . Simple correlation coeffici ents between the sorption 
index and texture or .oganic matter o 

·pH 
6.6m• 7o l-

< 6 . 6  7 . 0  7 . 5  . > 7. 5 ·. " · > 7.�· 1 · Borel.ls Us.tolls 
Sorption 

Index & Texture + . 477 + 0 293 
Sorption 

Index & O:.M. +-. 652** + . 210 

* S�gn.ificant at . 0 5  level 
** Sign.ificant at . 01 level 

+ . 364 + . 720* 

+ . 065 + . 185 

- . 620** 

+ . 00 9 

+·. 166 '. - . + . 838** 

+ �  ?l.2**: + . 105 

between soil test and yield increase prevailed, a low correlation be­

tween ·sorption Index and texture was found � · · 

In the case of Borolls , which were shown earlier to  have low 

correlations between soil tests and yield increas e, P . sorption was 

correlated wi th o_rganic matter 0 With soils in the · pH rA.nge o:f 6 . 6  to 
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7 . 0 , however, sorpti on index was correlated wi th nei ther texture or 

o_rgani c matter . Both Ols en and Bray . soil t e st s  have been shown to be 

�ghly correlated with the aluminum phosphate 
_
fraction ( 61 , 42, 52, 28 ) 

ac cording to · the proc edure · of Chang and _ Jackson ( 8 ) .  Murrma.n arid 

Peech . .  ( Jl ) · stated that this fraction must inc lude adsorb e d  P 0 The 

unexplaine d source o f  P sorption in this group o f  s oils may , then 

be as soc i ated with the low correlati on b etween the · s o il tests and 

yi eld increas e from P fertilization . The exact nature of this asso- · 

ciati on cannot be explained . by �nformation from this s tudy . Addition-

al res earch i s  needed to deterinine i f  this relat ionship i s  s igni fi-

cant and ,  �f so , what the nature of that relationshi p i s . 

Table 11 shows that for soils havi_ng a· pH great er than 7 . 1 , the 

sorption index had the hi ghes t correlat ion wi th yiel d increase of 

all the soil t e st s o  In this pH range , the · sorption in dex and Mo di­

fied Bray 1 : 50 P had a highly s i gni ficant correlation coefficient of 

. 590 . Thi s indi cates that the soils of greater P sorption ability 

also had more avai lable P occupying the sorption s it e s . Thus , the 

greater the sorption index, the smaller the yi eld inc reas e . 

For ac i d  soi l s  ( pH < 7 . 0 ) , sorption index and yie l d  increase 

were not correlated showing an r value of - . 022 0 In thi s  pH range , 

sorption index · and :M:> di fied Bray 1 : 50 had an r value o f  :054 which 

was not s_ignificant 0 Apparently , sorption site s in · the alkaline 

soil s tende d  to b e  occupied by . available P where as for the ac id 

soil s they were not 0  Thi s  explains why the · sorption index was cor­

related with yield increase · for the· alkali ne soi l s  b ut not for the 
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a ci d  soil s . · 

Comb ine d · Irifl uence of Several . · Factors 

The· comb ine d  influenc e ·  of P soil test s , . genetic factors , pH, 

o
.
rganic matter, crop spec ies , · and texture ,  t.o gether with s el ected 

first order interactions , were evaluated using s tepwi s e  multiple re­

gre s sion analysi s  employi.ng dummy variables . The . procedure followed 

was the s ame as that used earlier where only soi l t e s t  and genetic 

factors were consi dere d .  

The . resul ts o f  the analysis With the Modifi e d  Bray 1 : 7 and sor-

ption index are reporte d in Table 1 3 .  The re sulting e quat ion con-

taine d  9 . variables which explained 60 . 5% of the · variation in yield 

re sponse .  The mo st significant variable ,  JS_ ,  was the same as in 

Table 10, the Us toll * Bray 1 : 7 interaction term . The next mo s t  

s.igni fi cant vari able , x2 , wa s an interaction term between winter wheat ·  

and Bray 1 : 7 c The �egative partial �egression coe ffi ci ent indicates 

that winter wh eat responds less to P fert ili zation than other crops 

.at the s ame Bray 1 : 7  level . Thi s may be due to the extra input of 

P that wint er wheat has from mineralization of o
.
rganic matter duri?{S 

the fall .  Thi s  would not be accounted for by the Bray 1 : 7  te st . 

The P2S term indi cates that on alkaline s oi l s , re spons e to P 

appl i cation dec rease d  as the sorption index increas ed . Thi s  i s in 

�greement wi th the data in Table 12 whi ch showed a n� gative s imple 

correlation coeffi cient between yi eld increase and sorption index . 

Variable x showed that resi dual soil s re sponde d  l e s s  to P 

4 
fertilization than other · parent material s ;  the �igher the Bray 1 : 7 



62 

T a b l e  1 3' . S t e p w i s e  m u l t i p l e  r e g r e s s i o n  f o r  e s t i m a t i n g  Y ,  
t h e  l o g  o f  t h e  p e r c e n t y i e l d  i n c r e a s e  f r om p 
f e r t i l i z a t i o n  o v e r  t h e  c h e c k  y i e l d , u s i n g t h e  
M o d i f i e d B r a y 1 : 7 a n d  t h e  s o r p t i o n i n d e x . * 

· ·  

INDEPENDENT VARIABI ES, X R R2 . E-SIGN 
�STX, M3X, P2S , PM3X, P8T, RG4 , P4T, T2X, RP2 . 778 . 605 

USTX, M3X, P2S, PM3X, P8T, RG4, P4T, T2X . 761 , 51a
7 · 57 ' 02 5  

8 . 38 I 02 5 
USTX , M 3X, P2S, PM3X, P8T , RG4 , P4T . 741 . 549 

USTX , M3X, P2S, PM3X, P8T, RG4 . 73 0  
. 4 .  5 6  . 10 

. 533 

USTX, M3X, P2S , PM3X , P8T . 705 . 49
70 . 21 . 02 5  

USTX , M3X, P2S , PM3X I 694 4 
4 . 67 . 1 0 

I 81 

USTX, M3X, P2S . 679 4 
5 . 61 . 05 

. 62 

USTX , M3X . 665 . 443
5 . 37 I 05 

12 . 41 . 01 
USTX . 632 . 399 

TH E F I NAL EQUAT I ON : Y=l . 52 94- . 0108X1- , 0039X2- . 0017X3 

- . 0052X4+ . 8833X5- . 1687X5+ . 4878X7- . 0074Xg+ . 0905Xg 

INDEPENDENT 
VARIAB LE 

, .X1 = US TX 
X 2 = M 3 X  
X 3 = P 2 S  
X 4 = PM 3 X  
X 5 = P 8 T 
X 6 =RG 4 
X 7 = P 4 T  
X 8 = T 2 X  
X g = RP 2  

DE S CR I PTI ON 

( U S T  ( O , l ) ) * ( BRS ) 
( WINTER WHEAT ( O , l ) ) * ( BR S ) 

( 7 . 6 >pH> 7 . 0 ( 0 , l ) ) * ( S ORPTI ON INDEX ) 

( RE S IDUAL ( O , l ) ) * ( BRS ) 

( 7 . 6 > pH>7- . 0 ( 0 , l ) ) * ( S iC or C ( O , l ) ) . 

(ALLUV IUM ( O , l ) ) * OM 

( pH< 6 . 6 ( 0 , l ) ) * ( C l or S i C l  ( 0 , 1 ) )  

( C l  or S iC l  ( O , l ) ) * BRS 

( 7 . 6 > p H > 7 . 0  ( O , l ) ) * OM 

* Th e v a r i a b l e s  i n c l u d e d  i n  t h e  r e g r e s s i o n a n a l y s i s  a � e  

8 t t h a t B RF i n  a l l  c a s e s  
t h o s e l i s t e d i n  t a b l e  , e x c e p  

w a s  s u b s t i t u t e d  w i t h B R S . 
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extractable P, the greater the di fference .  

63 

3 . 0 

SO I LS ,  

Fine-textured alkaline soil s responded substant i ally more than 

other so ils as indicate d by variable x5 • For alkal ine soil s ,  the 

s impl e correlati on co effi cient between Bray 1 : 7  P and t exture was 

+ .  734 whi ch was s_igni ficant at the .01 level . For a c id s oils , 

however, Bray 1 : 7  P was not correlated wi th texture as was pointe d  

out earl i er i n  thi s study .  Thi s  appears t o  indi cate that the Bray 

1 : 7 test i s  overes t imati_ng the available P-supplying ab ility of 

these fine-texture d alkaline soils . 

Variable x6 shows that as o_rganic matter inc reased in alluvi al 

soils , yi e l d  inc reas e from P fertili zation decrease d .  �igure 9 

depi cts
_ 

graphi c ally thi s  relat ionship for the s ix expe riments on al-

1 uvial soils . · Evi dently, the_ greater the o_rgani c  matter content · _o f  

these so ils ,  the greater the P released upon minerali zat ion and the 
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smaller the re spons e to P fertili zer . 

Soils hav�ng a pH less · than 6 . 6  and a moderately fine texture 

re sponded mo re to P than other s oil s as indi cat e d  by variable x7, 

whereas mo derately fine-textured soi l s  generally re sponde d  less · than 

other soils as indi cate d  by variable x8 • 

. Variable � shows that alkaline s oils tende d to have greater 

re sponse to P fertili zati on as o
_
rganic matter c ontent increase d . 

In the pH r�e of 7 . 1  to 7 . 5 ,  o_rganic mat ter and pH were s_ignifi­

cantly correlate d with a correlat ion coeffic ient of + . 462 . There-

fore , it is s_ugges t e d  that th�· impact of variable x9 is due primarily 

to pH and o
_rgani c matter content is s_igni ficant due to i ts correlation 

with pH . 

Since the P sorption index as determined i n  this s tudy i s  not 

currently conduct e d  on soils in routine soil t e sti_ng pro c e dure s , a 

�egres sion analysi s was conducted usi� the Mo di fi e d  Bray 1 : 7 without 

the P so rpti on index o The results of this analys i s  are report e d  in 

Tabl e 14 0 The res ulti?g equation contained eleven variabl es which 

explained 61 . 4% o f  the variat ion in yield respons e .  This is approxi­

mately the s ame amount explained with the sorption index included but 

two addi tional var i ables were required to do i t o The two equations 

are s imilar . The equation without the sorpt ion index inc l uded, · con­

tains s ix vari ables not include d in the previo us e qua t ion, but four 

of those s i x  contain e ither texture or _o_rgani c matt e r  terms which , 

in turn, are related to sorption index o 

Variable x was the firs t new· variable encounte re d  i n  this 
3 



Table 14. Stepwise multiple regre ssing. for estimating Y, the log · of the percent yield increase from 
P fertilization over the check yield, using the Modified Bray 1 : 7 without. the sorption 
index o *  

. 

I NDEPENDENT .VAR IABLES, X R 
. . 

USTXJ M"3X., PMl 1 RG4 J SG2 J T2 J P4T J RF2 , RT21 PST J P2X 
. . 

I 784 

USTX, M3X, PM1., RF4 , SG2 ., T2, P4T, RF2 , RT2, P8T 

USTX, M5X1 Pi•1l1 RF4 , SG2 , T2 , P4T , RF2, RT2 

. . 
USTX1 M3X1 PM1J RG4 , SG2 , T2 , P4T, RF2 

USTX, M')X, PM1, RF4 , SG2J T2, P4T 

USTX, M3X, PM1, RG4 , SG2, T2 

USTX, M�X1 PM1, RG4 , SG2 

USTX, M3X, PM1, RG4 

. USTX, M3X, PMl 

. 773 

. 762 

I 743 . 

. 734 

. 714 

. 701 

. 686 

I 677 . 

. 
I 665 . 

- · R2 · · . .. · - � . . F� S I GtL _- -

. I 614 

. 597 

. 581 

. 552 

. 538 

. 510 

. 492 

. 471 

. 459 . 

. 443 

4 . 77 . OS 

4 I 50  .·· I 10 

8 . 18 . 025 

4 . 01 . 10 

7 1 97 ,
.

, -
I 025 

5 . 24 . 05 

5 . 86 . os 

3 .  52 . • 10 

4 . 57 . 
. .. . 10  

18 . 07 . _ . 005 
USTX, M3X 

. USTX . 1 632 ; . .  I 399 
"' \J'I 



Table 14 a Continued a  

THE F I NAL EQUAT ION : · Y=l . 5051� . 0111X1- . 0093X2+1031X3- . 2006X4+1 . 8076X5 

I l�DEPE1�DENT 

VAR IABLE 
X1 = USTX 

Xz = M3X 

X3 = PMl 
X4 = RG4 
X5 = SG2 
x6 = T2 

Xr = P4T 

x8 = RF2 
X� = RT2 
X10= P<ST 
X11= . P?X 

. . 

- . 8392X6+ . 6112X7- . 6713Xs+ . 2087Xg+ . 5707X10- · 0063X11 

DESCR I PT I ON 

C UST ( 0 . 1) ) *  <BRS ) 

(W I NTER WHEAT (0 , 1) ) *  (BRS )  

EOL I AN SAND ( QJ l)  

(ALLUV I UM (Q J l) ) *  COM) 
(AR I D I C  ( Q J l)  

Cl  OR  S 1 CL ( QJ l)  

( p-H � 6 . 6  (Q , l) ) *  ( Cl O R  S 1 CL ( QJ l ) )  

(AR I D I C (Q J l) ) *  (QM) 

(QM) * (CL OR  S 1 CL ( 0 , 1) ) 

( 7 . 6  > PH >  7 . 0  (Q J l) ) *  (S 1 C  OR  c (Q J l) ) 

< 7 . G > PH > 7 . 0  ( 0, 1) ) *  <BRS ) 

* The variables included in the regression analysis are those li sted in Table 8,  except that 
Sor was excluded and BRF in all cas es was substituted with BRS . 

°' °' 
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equation . The coarse texture and low P sorption ability of these 

soils formed from eolian sand, probably caused t he P reserve of these 

soils to be quite low, thus, the capacity factor as discussed by . 

Williams ( 23 ), was quite low. 

Variable x5 indicates that soils of the aridic subgroup responded 

more to P fertili zation than other soils after vari ables. x1 tbXough 

x4 were controlled o 

Variable x8 shows that as organic matter increased in soils 

with aridic subgroups, response to P fertilization decrease d .  All 

five of these soils , however , were developed from alluvium and were 

inclu ded in variable x4 o It i s  difficult , then, to determine if it 

is the alluvial parent material , the aridic subgroup, or a combina-

tion of both that cause these soils to act as they do o Since x4 was · 

selected first and was therefore , most significant at an earlier step 

in the analysis, it follows that the parent material may likely have · 

been the most important criteria o 

Variable x9 shows that for moderately fine-textured soils, _  yield 

response increased as organic matter content incre ased provided the 

first . eight variables were controlled o There is a number of potential 

explanations for · this . relationship 1but with the limited · information 

avai lable here it becomes difficult to determine which is correct . 
. ' -

The fertilizer p may be initially adsorbed by the organic matter, 

preventing its. fixat ion by other soil components . Thi s  ·P may then be 

release d  to the crop as it is needed, thereby, reducing the fertilizer 

p fixed in unavailable forms. This type of reaction was reported. by 

Harter ( 24 )  for some Connecti cut soils . 
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T a b l e  1 .5 .  S t e p w i s e  mu l t i p l e  r e g r e s s i o n f o r  e s t i ma t i n g Y ,  
t h e  l o g  o f  t h e  p e r c e n t  y i e l d i n c r e a s e  f r o m  p 
f e r t i l i z a t i o n  o v e r  t h e  c h e c k y i e l d , u s i n g t h e  

M o d i f i ed B r a y 1 : 5 0 a n d  t h e  s o r p t i o n  i n d e x . * 

INDEPENDE�T VARIABLES. X �� R2 F-SIGN . 
BRF, UST, T3X, P2S, M2X, RM2, RD1 . 801 . . 642 

BRF , UST, T3X , P2S , M2X, RM2 . 786 . 617 
6 . 68 • 025 

BRF, UST, T3X, P2S J M2X I 762' . 581 10 . 23 . 01 

B RF , UST , T3X, P2S . 745 . 554 
7 . 30 . 02 5  

BRF , UST, T3X . 720 . 518 
10 . 03 . 01 
14 . 88 . 005 

B RF , UST . 682 . 465 
15 . 64 . 005 

B RF . 639 . 409 

THE F I NAL EQUAT I ON :  . Y=l . 8501- . 0098X1- · 0804X2+ , 00SOX3 
- . oo.oax4+ .  0111x5- . 1924X6+ .  0736X7 

I NDEPEND ENT 
VARIABLE 
X1=BRF 

· 

·
.� �X2=UST 

X3=T3X 

X4=P2S 

/.Xs=M2X 

X5=RM2 

X7=RDl 

DESCRIPTION 
MOD I F IED  BRAY 1 : 50, P P2M 

SUBORDER USTDLL C O, l ) 

(S 1 C  OR c ( Q, l ) ) * C B RF )  

( 7 , 6> p H>7 , 0 ( 0 , l ) ) * ( SORPT I ON I NDEX) 

< BARLEY C OJ l ) ) * CBRF ) 

<BARLEY C OJ l ) ) * OM 

<BOROLL (O� l } ) * OM 

* T h e v a r i a b l e s  i n c l u d e d i n  t h e  r e g r e s s i o n  a n a l y s i s  a r e  

t h o s e  l i s t e d i n  T a b l e  �-. 
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As would be e'xpected for alkaline soils , as the Bray 1 :  7 p 

increased, yield response decreased .  This i s  indi cated by variable 

· x
11 · 

The two equations involving the .'M:>dified Bray 1 :  7 test did not 

include the Bray 1 : 7  tes t as a main effect but only as first order 

interaction terms o The Modified Bray 1 : 50 , however, was a significant 

variable in both equations developed with this test and the first 

variable entered in both cases . Table 15  contains the results of the 

regression analys is using the Modified Bray 1 : 50 test with the sorp­

tion index . The res ulting equation contained seven variables which 

explained 64 o 2% of the variation in yield response ,  23% nore than the 

Bray 1 : 50 test could explain alone . 

As indicated by variable x2, the Ustolls re sponded less to P 

fer.tilization at the same Bray 1 :  50 level than did other soils , pri- · 

ma.rily the Borolls . This agrees with the conclusions drawn from 

Table 10 where only geneti c factors were considered . 

The next variable entered, x3
, was an interaction term between 

fine-textured soils and the Bray 1 : 50 test c In Table 9 the third 

vari able entered was vertic . Thus , a texture term replaced the ·
verti c  

subgroup which indicates the extremely fine texture of these soils 

was the factor causing them to differ from the other so ils  in their 

response to p fert ilizer . The cause of this difference was dis cussed 

earli er. 

I ' . With . the Bray 1 :  50 test, the only term containing the sorption 

index was variable x4
, which represents an interaction term between 
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the alkaline soil s  and the sorption index . As the sorption index 

increase d in these soils , re sponse to P fert ili zation de crea sed.  The 

explanati on for this relationship was dis cus s e d  in the s e ction on 

the influence of pH on soil test correlat ion . 

Variables x
5 and x6 both contain barley as part of the inter­

action terms and will be discus s ed together . Variable x5 shows t�at 

barley responded m:>re to P fert ilization than did o ther crops at the 

s ame . soil t e st level and that the di fference in re sponse increased 

as Bray· P increas e d .  This tendency of barley to be an ineffi c i ent 

feeder of native soil P has been noted . by several i nvest_igators ( 30 , 

65 ) .  Variable x6 
shows that as soil o_rgani c matter cont ent increas ed, 

the re spons e o f  barley to P fert ili zation dec re ase d .  Weaver ( 59 )  

showe d that the roots o f  barley tend to be more concentrat e d  near 

the surface than do root s  o f  other small grains . Thi s  may allow them 

to utilize more of the P associated with �rgan ic matt er which also 

t ends to be concentrated near the soil surface . · 

The final s_igni ficant variable inclu�ed in the e quation, x7, 

indicated that a s  organi c matter increased in Boroll s ,  re spons_e to. 

P fert ilization also increased.  The cooler soil t emperatures of 

Bo"rolls likely result in lower minerali zat ion rate s  which in turn 

woul d tend to minimi ze the influence of organic _ matter· on the avail­

able P�s upplying ability of thes e soils . We stin ( 62 ) reporte d  that 

Borolls have higher organi c Cf organi c P ratios in South Dakota than 

do Us tolls . Thi s  may also be a factor minimi zing the contribution 

l'hes e factors explain why a negati ve correlation ·. di d  of o_rganic P .  
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not exist between organi c matter and yiel d response b ut do not explain 

the pos itive correlation . The positive correlation b etween o.rganic 

matter and yi el d re spons e may be due to the adsorbi.ng o f  P by the 

o rganic matter as Harter ' s research showed which was re£erre d
.
to 

earlier . 

Table 16 contains the res ult s  o f  regres sion analysi s  us ing the 

Modi:ri e d  Bray 1 : 50 Without the sorption · index . The re s ulting 

equation contained seven va��ables and explained 6l o 7% of the varia­

tion in yield re sponse o This equat ion was very s imilar to the 

equation with the sorption index, diff�ring only in . one variable . In 

this equation ,  P2S was replaced with PH2 . 

A comparis on 0£ the pre dicted yield inc reases from t he four 

equations develope d with ob served yield i�creas e s  can be found in 

Table 17.  



I 

72 

Table 16 . Stepwise multiple regression for estimating Y ,  the log of 
the percent yield increase from P fert ilization over the 
check yield, using the Modified Bray 1 :·50 without the 

· . sorption index. *. · · 

I NDEPEi�DENT VAR IABLES, X · · R " R2_: :  · · - F�S I GN .  
. . . . . . 

. . BRF, UST, T3X) M2X,, RM2, P_H2,, RDl 
. . 

B RF, UST, T3X, M2X, RM2, PH2 

BRF, UST, T3X., M2X, RM2 

B RF, UST, T3X, M2X 

B RF, UST, T3X 

. B RF, UST 

BRF 

. 786 

. 772 
. . . 757 
. 734 
. 720 
6n2 . t 6 

. 639 

. 617 . .  

5 � 14 � 05 . .  

. 596  5 . 54 . 05 

. 573  8 . 22 . 025 

. 539 4 . 92 . 05 

. 518 12 . 92 · . 005 

. 4 65 13 . 58 . 005 

. 409 

THE F I NAL EQUAT I ON :  Y = l . 8671- . 0099X1- . 0903X2+ 
.· oo4sx3+ .  0119x4- ·.·2000�5- .  I74ox6+ .  b7o9x7 

I NDEPENDENT 
VAR I AB LE 

X1 = B RF 
x2 = UST 
X3 = T3X 
X4 = M2X 

: . X5 = RM2 
X5 = PH2 
X7. = RDl 

• •  ) ' . t .1 ! • .  J . 

DESCR I PT I ON . 

MOD I F I ED BRAY 1 : 50, P P2M 
SUBORD ER UsroLL (Q , l )  
c s 1 c oR  c co;1l l *  <BRFl  
(BARLEY ( 0.,.1) ) * (BRF)  
(BA RLEY (0, 1) ) *  OM 
7 .  6 > PH > 1·. o c o,,·1 )  
(Bo ROLL ( o".,.l ) ) * O M  . 

� I  1 1 • • : I ; • I 1 • : 

* The  v ar i ab l e s  i nc l ud e d  i n  the  r e gre s s i on a naly s i s  are  

t ho s e l i s t e d i n  T ab l e  8 except  t hat  So r wa s e x c l ud e d o 
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Table 17 . Gomparison of predicted yield increases from four multiple 
regression equations with observed yields 

Predicted Yield Increases ( % ) 

Sample Observed % 1 : 7  1 : 7 1 : 50 1 : 50 
Number ·Yield · rncrease and Sor alone and Sor · alone 

1898 20 16 10 32 33 
1902 17 22 32 19 20 
1908 31 24 32 25 26 
1917 32 34 57 16 16 
1921 50 25 32 23  24 

1931 8 17 15 15  16 
1937 50 34. 32 27 28 
194.3 38 34 32 19 20 
1948 71 34 41 46 47 
1958 25 34 41 32 32 

1963 50 19 33 28 28 
1980 45 34 32 28 27 
2611 16 20 18 19 19 
2623 50 34 32 30 30 
265.8 8 8 8 11 11 

2668 17 19 17 17 17 
2678 29 20 18 20 20 
2690 19 17 19 16 16 

2716 51 53 34 4� 32 

2723 42 34 32 36 36 

3150 48 30 21 37 37 

3155 14 19 18 25  -24 

3159 16 34 32 38 37 

3164 23 19 17 22 22 

3217 46 20 19 24 24 

3222 11 11 10 8 8 

3226 16 19 16 22 23 

3237 39 25 25 33 38 

3494 10 8 12 10 8 

3543 25 27 18 17 14 

3614 ·21 34 32 25 23 

3637 28 29 27 33 30 

3674 66 34 32 36 35 

4016 6 15 17 22 24 
4070 63 34 32 35 33 
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Table 17. Continued Predicted .Yield Increases ( % )  

- Sample Observed % . 1 : 7  l : ?  1 : 50 1 : 50 
Numb er Yield . Increase · · a.nd ·sor · · aione · · and Sor · · a.lone 

. 4098 17" 34 32 36 37 
5002 48 29 · 25 29 29 
5116 23 19 24 8 8 
5121 11 17 16 1 5  . 15 
5131 28 34 32 29 30 

5136 6 . lJ 12 B · g 
514la 7 J:4 14 B 8 
514lc 25 14 14 19 . 19 . 

514lb 8 14 14 8 8 
5156 28 16 20 20 21 

5173 34 49 25 46 38 

5177 . 16 34 32 43 43 

5735 4 5 4 6 9 

5740 J 5 4 4 4 

6002 0 1 1 1 1 

6007 ... 25 17 16 17 . 18 

6364 21 8 . 20 17 17 

6379 26 23 22 27 25 

7282 24 16 15 17 13 
7299 50. 34 32 37 36 

7320 22 34 32 • I �. J J5 35 

1326 33 29 21 61 62 

.13410 ;· 5 lJ 13 lJ 13 

13427 12 34 32 18" . 18 

13435 5 · 4 4 6 6 

13515 9 · 21 13 18 . 18 
16973-86 39 30 26 27 27 
17002-17 JS . 43 29 47 . JS 

-17042-57 43 17 20 15 15 
17062-76 32 34 . 32 

. 29 30 

17116 21 . 22 28 26 27 

.19S8oa 12 1 5  1 7  l J  13 

19880b 10 15 17 13 . 13 
19880c 28 15 17 30 29 

20012 7 23 25 14 12 

20038a 15 19 26 21 25 

. 200J8b 19 19 26 20 23 

200J8c 24 19 26 21 25 

200J8d 25 19 26 . 21 25 
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SUMMARY AND CONCLUSIONS 

Field experiments involving phosphorus fertilization of small 

grains in South Dakota were used to accomplish two obj ectives 0 The 

first obj ect ive was to evaluate the effectivenes s  o f  several soil tests 

in predicti.ng yield response to P fertilization. The s e c ond obj ective 

was to evaluate the influence other soil and environment al factors 

have on the relationship between soil test and yield response from 

P fertili zation . 

The correlation between soil test and yield response t o  P fer­

til i zati on continually increased as the s oil to soluti on ratio of the 

Bray l · test widened o  The Olsen test di d not do a better j ob of 

explai� response than the Bray tests . The soil t est mos t  h�ghly 

correlat ed with yi eld response for all 74 s oils was the Modifi ed 

Bray 1,  1 : 50 which explained 41% of . the variation in yield re spons e .  

Generally, the Borolls were les s predi ctable i n  their response 

to P than were the Ustolls o Also , the Ustolls re sponded l e s s  to P 

fertilization than other soils while soils of the vertic subgroup 

res ponded more .to P fertilizer, according 'to the Modifi ed Bray 1 ,  

1 :  5 0  s oil test, �. than did other soils o 

.An influence of pH on the s oil test s was observed. For the 

Modified Bray 1 : 7,  1 : 10, and 1 : 20,  as pH increas e d ,  extractable P 

decreased 0 Slightly acid soils ( 6 0 6-7 . 0 ) exhibi ted lower c orrelation 

.with yield response than soils of other pH ' s  whil e acid soils ( < 6 . 6 )  

exhibited the highes t  correlations o The P s orption index was highly 

correlat ed with respons e  to P fertilization for alkaline soils but 

. showed no correlation with yield response on the acid s oils. . 



76 

Multiple r_egres sion analysis was used to evaluate the combined 

influence of several factors on the correlation between s oil te st and 

yield response . The results revealed that texture , pH, o_rganic mat­

ter, . parent .material;. soil classification, and crop species all· in­

fluenced this relationship. · The equation developed with the Modified 

Bray _l ,  1 : 7 contained eleven variables and explained 61% of the varia­

tion in . yield resporise o  The· equation developed with the Modified 

Bray 1 ,  1 : 50 contained seven .variables and explained 62% of the 

variation in yield responseo 

In this study, _ the Modified Bray 1,  1 : 50 was most related to yield 

responseo When considering other factors , fewer variables were re­

quired to explain yield response than -with other tests o For these 

reasons , . it . is concluded that this soil test is superior to the 

others evaluated _ in - predicti;ng yield response from P fertilization 

on S outh Dakota soils o 
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.Appendix A. R, _R2, and significance for each step in the multiple 
regression analysis with the Modified Bray 1 :  7 without 
the sorption index . 

Variable R R2 Sign . * Variable R R2 Sign. * 
UstX 0 . 6Jl O ci 399 . � I  .._ P2T 0 . 9 50 0 . 902 NS .. i 
MJX 0 . 665 O o 442 . •., . 005 . P6T 0 . 951 0 . 905 NS 
PMl O c. 677 O o 458 . 100 .. .ArgX 0 . 9 54 O o 910 · NS 
RG4 0 0 686 Oo 471· . 100 SGl 0 . 957 O o 916 NS 
SG2 O o 701 0 . 491 . 050 Pl O o 958 O o 9l8 NS 

T2 O o'714 · O o 510 . 050 PJT O c 958 O c 919 NS 
P4T O o 733  O o 538 .. 025 RGZ 0 . 959 0 . 920 NS RF2 O o 743 O o 552 .. 100 PMZ O u 967 O a935 . 100 RT2 O o 762 O o 581 . 0 025 SGJX 0 . 970 0 . 941 NS 
P82 · O o 772 O o 597 c lOO RPJ 0 . 973 O c 947 NS 
P2X· 0 ., 783 O o 6l3 0050 PJX O o 974 0 . 948 ' NS P9T o . 791 0 . 626 o lOO REl O ci 974 O o 949 NS 
SGlX O o 799 Oo 638 o lOO RP2 . 0 . 974 O o 950 NS PlT 0 .. 805 0 . 648 NS ML 0. 975 O o 950 NS SG6 0 .. 810 0 . 656 NS PM2X O o 975 0 . 950 NS M3 0 .. 814 · 0 .. 662 NS 
UST 0 . 818 0 .. 669 NS 
M2X 0 . 821 0 .. 674 NS 
BRS 0 ., 825 0 . 681 NS 
RM2 0 ., 8JO 0 . 689 NS 

M2 O o 835 0 . 697 NS 
HapX O o 837 0 ., 700 NS 
RMJ 0 . 838 . 0 . 103 · NS 
PM3X O o 840 O o 705 NS 
RGl · 0 . 841 O o 708 NS 
SG4X 0 . 843 Oo 711 NS 
RF4 O o 850 0 ., 722 o lOO 
P5T · O o 853 O o 728 NS 

P2 O ci 863 0 . 744 . 100 
PMJ 00 866 0 . 751 NS 
SG6X 0 . 884 O o 78l 0 025 
PM4X O o 890 0 . 793 · o lOO 
RF6 O o 896 O o 804 NS 
RPl O o 902 0 . 814 NS 
PlX O o 905 O o 8l9 NS 
OM O o 909 0 . 827 · Ns 
RlX O o 914 Oo 836 NS 
Hap O o 9l8 O o 843 NS 
PM1X O o 924 O o 855 o lOO *Indicates significance of that SG4 O o 927 0 . 860 NS variable as indi cated by F. ratio T2X 0.0 932 0 . 869 NS 1 

for change in regres sion stUn of R02 O o 936 O o 877 NS squares upon elimination of the RG3 O o 945 O o 89J 0 050 variable ., 
M1X 0 .. 948 O o 899 NS 

/" . 
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Appendix B . R, R2, and significance for each step in the multiple 
regression analysis with _,the :Modified Bray 1 : 7  and the 
s'orption i ndex o 

Variable · R R2 Sign . * Variable R R2 Sign. *  

USTX · . 0 . 631 O o 399 . . •.",, I RGl 0 . 955 0 . 912 NS • · ,  .. . .  , 

M3X 0 . 665 O o 442 . 010 P2X 0 . 959 O o 919 NS 
P2S 0 . 679 O o 461 .050 RGJ 0 .. 963 O o 929 NS 
PH3X · o .. 693 O o 481 . 050 A:rg 0 .. 968 0 . 938 NS 
P89 0 .. 705 O o 497 . 100 P9T 0 .. 970 O o 942 NS 
RG4 0 . 730 O o 533 . 025 SGl 0 .. 973 0 . 947 NS 
P4T O o 741 O o 549 . • 100 Sor Oo 974 0 . 950 NS 
T2X . 0 .. 760 O o 578 '. 025 M2 0 . 976 0 . 953 NS 
RPZ O o 777 O o 604 . 025 RE2 O o 978 O o 958 NS 
SG2 O o 786 0·0 618 .. 100 SG3X O o 979 O o958 NS 
SG2X O o 791 0 .. 627 NS Ml 0 . 979 O o 959 NS 
P3S o .. 797 O o 635 . NS RTl O o 979 O o 959 NS 
SG6X . O o 806 O o 650 .. 100 PMl O o 979 0 . 960 NS 
RT3 O o 818 O o 670 .. 050 PH2 . 0 . 980 0 . 961 NS 
RFl O o 822 O o 676 NS RPl 0 . 980 0 .. 961 NS 
PH3 0 .. 826 O o 682 NS PlX 0 . 981 0. 963 NS 
P6T . 0 .. 829 0 .. 688 NS ·. RMl 0 .. 981 0 . 963 NS 
M2X 0 ., 832 o .. 692 NS PlS 0 . 981 0 . 964 . · NS 
P5T 0 .. 835 0 . 698 NS PHl 0. 983 0 . 967 NS 
RT2 ·. 0 .. 845 0 .. 714 . . • 100 UST 0 .. 984 O o 968 · NS 

T2 0 .. 851 Oo 724 . NS 

. PM3 o .. 855 0 .. 731 NS 
RF6 0 .. 875 O o 765 0 025 
RM3 . 0 .. 879 0 . 773 NS 
MJ 0 0 882 O o 778 NS 
P3X 0 .. 889 0 .. 791 .. 100 
RG2 O o 892 0 . 796 NS 
PM2X 0 .. 896 O o 802 . . NS 
SG4X O o 899 ' 0 .. 808 NS 

. BM2  · O o 904 O o 818 - NS 
RF4 0 .. 908 O o 82? NS 
REl O o 912 . O o 83l NS 
MlX 0 .. 914 O o 836 NS 
BRS O o 916 O o 840 NS 
RDl . 0 .. 920 O o 847 NS 
SG3 · O o 929 0 .. 863 .. 100 
PM2 · 0 .. 935 0 .. 874 NS *Indicates significanc e of that 
PMlX 0 .. 937 O o 878 NS variable as" indi cated by F ·ratio 
PlT 0 .. 939 o., 883 NS for change i n  regre ssion sum of 
RP3 . 0 .. 941 0 . 886 . NS squares. upon el'imination of the 
PM4X 0 .. 943 0 ., 890 NS variable . 
ArgX 0 .. 945 O o 893 · NS 
RlX 0 .. 947 0 .. 898 NS 
OM O o 950 0 .. 903 NS 
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Appendix C • R, R2 , and s ignificance for each s t ep in · the multiple 
. regression analysis wi th the Modified Bray 1 : 50 witho ut 

the sorption index . 

Variable R R2 Sign . * . Variable R R2 Sign . *  
BRF 0 . 639 0 . 408 ARG 0 . 945 . 0 . 893 NS 
UST 0 . 681 0 . 464 .005 · M3 0 . 945 0 . 894 ·NS 
TJX 0 . 720 0 .. 518 .. 005 RMJ" 0 . 946 0 . 895 NS 
M2X 0 . 734 0 . 538 .050 SGlX 0. 947 0 . 898 NS RM2 0 . 756 0 . 572 . 025 RE2 0 . 950 0 . 903 · . NS 
PH2 0 . 771 0 .. 595 . 050 PlX 0 . 951 ' 0 . 905  NS 
RDl 0 .. 785 0 .. 617 .. 050 HAP 0 . 953  0 . 908 NS 

T2 0 . 793 0 . 629 NS PM2 0 . 955 0 . 912 · NS 
P4T 0 .. 799 0 .. 639 NS RF4 0 . 958 0 . 918 NS 

HAPX 0 . 804 0 . 647 NS SG4X 0 . 964 0 .929 · NS 
RFl 0 . 813 0 . 662 .100 SG3X 0 . 965 0 .. 933 NS 
RG4 0 . 828 0 . 686 . 050 P2X - 0 . 968 0 .9 38 NS 
PM4X 0 . 844 0 . 713 • 050 M1X 0 . 971 . 0 . 943 NS 
RT2 o . 848 0 . 719 NS PlT 0 . 973 0 .947 NS 
PM4 0 .. 854 0 . 730 NS PML 0 . 976 0 . 953  · NS 
RG3 0 .. 859 0 .. 738 NS SG4 0 . 976 0 .954 NS 
RF2 o . 863 0 . 745 NS PHl 0 . 976 0 . 954 NS 
PM3X 0 . 868 o .  755 NS RP2 0 . 976 0 . 954 NS 
RF6 o . 876 0 .. 767 NS 
P2T 0 . 879 0 . 773 NS 
RlX 0 . 882 0 . 779 NS 
M3X 0 . 888 0 .. 789 NS 
PH3 0 . 892 o .. 797 NS 
RD2 0 . 895 0 . 801 NS 
M2 0 . 898 0 .. 807 NS 

P6T 0 . 901 0 . 813 NS 
P5T 0 . 904 0 . 818 NS 
BORX 0 .. 908 0 .. 824 NS 
SG5X 0 . 911 0 . 831 NS 
RT3 0 .. 915 0 .. 838 NS 
P8T 0 .. 918 0 .. 842· NS 
SG6 0 .. 920 o . 847 · NS 
OM 0 . 922 o .. 851 NS 
PM3 0 . 927 o . 859 NS 
SG5 o .. ·932 0 . 868 NS *Indicates significance of that 
P3X 0 . 933 0 . 872 NS variable as indicate.d by F ratio 
RP3 0 . 934 0 . 873 NS for change in regression sum of 
RML 0 . 935 0 . 875 NS square s  upon elimination of' 
Ml 0 .. 936 o .. 876 NS the variable . 
RPl 0 .937 o . 879 NS 
RG2 0 .9J8 0 . 881 . . NS 
PM2X 0 . 940 o .. 885 NS 
T2X 0 .. 943 0 . 890 NS 
SGl 0 . 944 0 . 891 NS 
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Appendix D. R, R2, and s ignificance for each step in the multiple 
regression analys is with the Modi fie d  Bray 1 : 50 and 

. the sorption index. 

Variable R R2 Si gn . * Variable R R2 
Sign . * 

BRF 0 . 639 0 . 408 PlS 0 . 95 3  0 . 909 NS 
UST 0 ., 681 0 .464 . 005 :. RF5 0 . 954 0 . 911 NS 
TJX 0 . 720 0 . 518 . 005 P6T 0 � 955  0 . 913 NS 
P2S o .  744 0 . 554 . 010 PlX 0 . 95 7  0 . 916 NS 
M2X 0 . 762 0 . 580 · .. 025 MJ 0 . 959 0 . 920 NS 
RM2 0 . 785 . 0 . 617 . 010 T2X 0 . 961 0 . 925 NS 
RDl 0 . 800 0 . 641 . 025 M3X 0 . 96 3  0 . 929 NS 

T2 0 . 809 0 . 655 . . 100 PM2X 0 . 964 0 . 930 . NS 
. P2X 0 . 819 0 . 670 . . 100 RG2 0 . 971 . 0 . 942 . • 100 

P4T 0 . 828 0 . 686 • lOO PM2 . 0 . 974 0 . 949 NS 
USTX 0 . 833 0 . 694 NS P9T 0 . 976 0 . 953 NS 

. RFl 0 . 837 0 . 701 :NS REl . 0 . 977 0 . 954 NS 
HAPX . 0 . 845  o .  715 . 100 RMl . 0 . 977 0 . 955 NS 
RG4 0 ., 852 0 . 726 . 100 Jvil.X 0 . 977 0 . 955  NS 
PM4X 0 ., 85 7  0 . 734 NS RF4 0 . 977 0 . 955 NS 
RT2 0 . 859 0 . 738 NS HAP 0 . 9.77 ·. 0 . 956 NS 
PM4 0 . 862 o .  743 NS SG5X 0 . 978 0 . 956 NS 
RF2 0 . 866 o .  750 NS 
P5T 0 . 870 0 . 757 NS 

- RG3 0 . 873 0 . 762 NS 
PMJX 0 . 884 0 . 783 . 050 
PMJ 0 . 891 0 . 795 . 100 
SGJ 0 ., 895 0 . 801 NS 
RF3 0 ., 900 0 . 811 NS 
SGlX 0 ., 905 0 . 819 NS 

M2 0 . 911 . 0 . 831 . 100 
SG3X 0 . 917  0 . 841 NS 
RM3 0 . 920 o . 847 NS 
P3T 0 . 924 0 . 854 · NS 
RD2 0 . 927  0 . 859 :NS 
PST 0 . 929 0 . 863 NS 
RlX 0 . 931 0 . 866 NS *Indi cates significance o f  that 
SG6 0 .. 933 0 . 871 NS vari able as indicated by F ratio 
RP3 0 . 935 0 . 875 NS for change in regres sion sum of 
PHJ 0 . 940 0 . 883 NS s quares upon elimination of 
PH2 0 . 943 0 . 889 . NS . the variable . 
SOR . 0 . 944 0 . 892 NS 
OM 0 ., 945 0 . 894 NS 
RPl 0 . 946 0 . 895 NS 
PlT 0 . 94 7  O o 897 · NS 
RP2 0 . 949 O o900 NS 
PMl 0 . 950 O o 903 NS. 
SGl 0 . 951 0 .905 NS 
PHl 0 . 952 0 . 907 NS 
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