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Abstract:

Results of research in Montana have shown that standard soil tests for P, K, and S were unsuitable for
accurate prediction of fertilizer requirements on many Montana agricultural soils. Results of research in
Montana and elsewhere have shown improved soil test accuracy from procedures which account for
diffusion rate processes inherent to individual soils. The objective of this research was to develop and
characterize a multielement extraction procedure for soil phytoavailable P, K, and S that would be an
improvement over current standard methods for use as an index of soil phytoavailable nutrient supply.

The Phytoavailability Soil Test, PST, was developed as a multielement extraction procedure which
uses a mixed bed ion exchange resin bag as a sink to the diffusible soil ions of saturated soil paste. The
method simulates the root absorption process and was shown to be a better assay of phytoavailable K
and S than standard methods. The method was found to be less reliable than P standard methods
because of poor affinity toward phosphate of the resins used in this research. The extractable quantity
and extraction rate of the PST method was influenced by ion charge species of the mixed bed resin,
soil-resin contact time, temperature, mineralization, and the concentration equilibria of the soil solid
and solution phase. The PST extraction process was shown to operate in accordance with Pick's laws of
diffusion. Physical chemistry descriptive model terms of flux and coefficient of diffusion were normal
with respect to the moisture and temperature conditions of the experiments.

These results suggest that the further development of the PST method can be pursued to the point of
adoption as an improved standard soil test method for K and S. The PST extraction procedures used in
this research are also suitable for use as a standard quantitative method for measurement of S
mineralization on saturated soils.
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ABSTRACT

Results of research in Montana have shown that
standard soil tests for P, K, and S were unsuitable for
accurate prediction of fertilizer requirements on many
Montana agricultural soils. Results of research in Montana
and elsewhere have shown improved soil test accuracy from
procedures which account for diffusion rate processes
inherent to individual soils. The objective of this
research was to develop and characterize a multielement
extraction procedure for soil phytoavailable P, K, and S
that would be ‘an improvement over current standard methods
for use as an index of soil phytoavailable nutrient supply.

The Phytoavailability Soil Test, PST, was developed as
a multielement extraction procedure which uses a mixed bed
ion exchange resin bag as a sink to the diffusible soil
ions of saturated soil paste. The method simulates the
root absorption process and was shown to be a better assay
of phytoavailable K and S than standard methods. The
method was found to be less reliable than P standard
methods because of poor affinity toward phosphate of the
resins used in this research. The extractable quantity and
extraction rate of the PST method was influenced by ion
charge species of the mixed bed resin, soil-resin contact
time, temperature, mineralization, and the concentration
equilibria of the soil sclid and solution phase. The PST
extraction process was shown to operate in accordance with
Fick's laws of diffusion. Physical chemistry descriptive
model terms of flux and coefficient of diffusion were
normal with respect to the moisture and temperature
conditions of the experiments.

These results suggest that the further development of
the PST method can be pursued to the point of adoption as
an improved standard soil test method for K and S. The PST
extraction procedures used in this research are also
suitable for use as a standard quantitative method for
measurement of S mineralization on saturated soils.’




INTRODUCTION

.Soil tests are chemical assays of a soil sample fo
determiné or index the quantity of plant available -
nutrient. The indexed amount is considered a reserve or
resource quantity that must be ameﬁded by additions of
fertilizer to supply a given crop with ample nutrient to
attain tﬁe desired yield. The service desired by users of
soil tests is the recommendation of fertilizer and the
ultimate value of a soil test is judged by the field
performance of a crop managed on the basis of that
recommendation.

Duplicative adalytical procedures aré accepted by
various séientific societies as "standard methods.”
Individual standard methods were developed on a regionally
specific basis because the geographic distribution of soil
types is broadly regional as a function of the five factors
of»soil formation.

The highly intensive and specific nature of
agriculﬁural management today demands commensurately
accurate and specific soil analysis, but there has been
little success in refinement of the current standard
methods to adequately .meet this deménd, The result is that.
the value of soil testing to tbday's‘user is generally low,

except in specific instances where the particular method
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used was developed for a regidn of very similar soils,
climate, and crop management. |

The standard soil tests of neutral ammonium acetate
extractable K and acid ammonium acetate extractable S are
the'unanimous methods of cﬁoice for soil testing
laboratories serving Montana. The predoﬁinant methods of
choice for P.are the sodium bicarbonate extractable P and
the dilute acid-fluoride soluble P method. None of these
methods were specifically developed for Montana, but each
has been scientifically evaluated in the state for the
purpose of derivin§ appropriate feftilizerirecommendation
algdrithms based on the results of each method. Despite
the efforts that have been made, each test remains an

unreliable assay of phytoavailable nutrient reserve for

some of the soils in the state.

The key to the failure of these tests is the fact that
they are all based on a simple extraction procedure and as
such they only index their respective chemically
extractable quantity. Research aimed at identifying a
standard K method more appropriate to Montana did not meet
that gdal (Haby 1975). However, this work and additiocnal
research by others has continubusly improved the definition
of the problem and consistently shown that a successful
method would have to account for ion diffusion as a
critical component of the phytoavgilable reserve estimate

(Barber 1962, Massee 1973, Phillips 1973, Haby 1975, Wang
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1975; Skogley 1975, Schaff.1979, Veeh and Skogley 1986, and
Miller 1988). A methéd which could assay any nutrienﬁ‘s
phytoavailable quantity as a function of ion diffusion
‘would theoretically be more accurafe than any preseﬁt
method, and also could be a geographically ﬁniversal

standard method.

The primary goal of this'research was to fundamentally

develop a étgndard soil_test (the Phytoavailability Soil
Test - PST) method which would assay phytoavailable
qgantity of P, K,.and_S ih a manner éensitive to the.ion
diffﬁsion_process. Secondary goals included: 1) designing
the method as a multielement extraction to simﬁlify the
overall standard soil testing process, 2) to design the
methéd as simply as possible to minimize loss of accuracy
and precision by muitiple and coﬁple& steps, and 3) to
désign the process such that the anal?tical equipment
commonly used b? soil testing_laboratoriés would be
appropriate for use with the PST method.

These goals actuall? require a_éustained research

effort involving many regional and extra-regional

‘participants. Therefore, the objective of this work was to

‘establish a scientifically sound foundation for continuance

of the research to‘attain all of the stated géals sometime

in the future. The specific objectivés'of this work
pertain to the elements of P, K, and 5, and they are:

1. Design a multielement extraction method using
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mixed bed cationic and anionic exchange resin that would be
sensitive to the diffusive ion quantity and rate of
nutrient supply from source to sink for representative
Montana agricultural.soils. o

2. Conduct a limited characterization of the system
with respect to affecting factors of time, temperature, and
microbiological activity.

3. Investigate the relationsﬁip of diffusive ion
quantity and rate with pﬁysical and chemical propertieslof
the Montana soils.

| 4. Test the predictive value of the PST method in
comparison with standard methods by use of controlled
environment fertilizer rate response experimentsi

Each objective was addressed by formal experiments

. which are presented and discussed in this dissertation.

Each formal experiment was supported by numerous pilot
experiments, which in all cases sefve as the underlying

basis for the techniques described in the materials and

. methods sections. The pilot experiments are not presented

but are ﬁoted where necessary.

Development of a new soil testing methodology is by
necegssity an evo}utionary‘process within a scientific
research framework. The refinements of the method
throughout the course‘of this project are noted in

appropriate context.
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LITERATURE REVIEW

Standard Methods

Phosphorus, K, and S represent three of the four most
commonly applied fertilizer elements in Montana. Each of
these elements is evaluated by standard soil testing
methods that do not accufately assess the phytoavailable
quantity in all the different types of soil in Montana.

The staﬁdard methods used predominantly in Montana for
P are the sodium bicarbonate exactractable P; or.Olsen
test, (Olsen et al., 1954) and the dilute acid-fluoride
soluble P, or Bray 1, method (Bray and Kurtz, 1945). Both
methods provide an index of P availability, not a total
quantitative assay of phytcavailable P.

The Olsen method was épecifically designed‘to be a
betfer assay of available P in alkaline soil because the
0.5 M NaHCO5 at a near constant pH of 8.5 decreases the

concentration of Ca in solution by causing precipitation of

‘Ca as CaC03 (Olsen and Sommers, 1982). The result in

calcareous, alkaline or neutral socils containing calcium
phosphates, is an increase of P in the extraction solution
due to Ca precipitation. The combination of HCL and NH4F
in the Bray 1 method was designed to remove the acid

soluble forms of P, primarily calcium phosphate, and also
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6
remove a portion of the iron anq aluminum phosphates (Olsen
and Sommers, 1982). The NH4F dissolves aluminum and iron
phosphates by its complex ion formation with these metal
ions in the acid solution. The method is most Succeséfui
on acid soils, bUt-yields low estimgtés in calcareous scils
because the acid solution is rapidly neutralized by calcium
carbonate and'thereby rendefed ineffective.

The standard methdd for R is the neutral-llQ N
ammonium acetate extractable procedure.' It is also an
index pfocedure which is basically a simple equilibrium
extraction methéd where NH4 disp1ades K on the cation
exchange sites of the so0il in-a manner yielding 80 to 95%
of the - exchangeable K (Knudsen et al., 1982). Although
this is the most popular soil testing method for K in‘the
United States, it has been shown to be particularly poor
for prediction of fertilizer response:to Montana soils.
ranked high in available K by the method itself (Skogley,
1975). |
| There are nﬁmerous standard methods for phytoavailable
'S. These methods'are generally categorized as readily
soluble sulfate, readily soluble and portions of adsorbed
sulfate, and readily soluble and portibns of adsorbed
sulfate and pbrtions of organic sulfate (Reisenauer et al.,
1973). Organic sulfate is recognized as an important
contributing source of phytoaQéilable 3, but the quéntity

available is largely the function of mineralization. As

U O S S S )
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such, a simple laboratory procedure capable of accounting
for this fraction has yet to be developed (Tabatabai,
1982) .

The most popular standard test fof S in Montana is tﬁe
acid ammonium acetate scluble sulfate method (Bardsley and
Lancaster, 1960). This indexing method was developed to
assess phytoavailable 5 by extraction of the soluble phase -
plus a fraction of the adsorbed phase (Tabatabai, 1982).
The adsorbed sulfate is displaced by the acetate anion
which has a greater coordinating ability according to the
series hydroxyl > phosphate > sulfate = acetate > nitrate =
chloride (Bingham et al., 1965; Chang and Thomas, 1963;A
Cﬁao et a}.,'1964). This method of.inorganic S evaluation
was found to be incapable of predicting S deficiency in
Montana soils But was able to identify incremental

applications of spring applied S fertilizer (Gavlak,'1982i.

Ion Exchange Resin Methods

Anion exchange reéins}remove phosphate from the soil
by a simple exchange reaction which, theoretically, does
not alter the pH of the soil (Olsen and Sommers, 1982).

The Qse of anion exchange resin as é P soil test method was
introduced by Amer et. al., 1955, and has been the subject
of much investigation since thét time. The method commonly
used is the batch procedure wheré a 1l:1 ratio of soil to

resin is shaken in a water supersaturated state for a given
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period of time. The method has ﬁot been shown to be
conéisténtly or gréatly superior to standard extraction
methods, except in terms of éimplicity and in the
theoretical mode of gction, which apprbximates the P uptake
mechanism of roots kdlsen and Sommers, 1982). The method
is sensitive to the anionic form of the resin and has been
proven to be best 1n correlation to plant indexes of P when
the_résin is charged with bicarbonate (Sibbesen, 1978).
The use of the chloride anion for the resin‘has‘been shown
to be superior to standard methods, but the amount of P
desorbedAénd'the‘change of soil suspénsfbn pH varies‘With
-the type of resin used and the soil-water ratio, when
cﬁloride is the charged anion (Sibbesen, 1978).
fhe introduction of cation exchange reéih for soil

teéting use was made by Arnold, 1958, where he reported
- sodium saturated resin desorbed approkimately the same
amount of K as wés NH, exchangeable. Later research
révealed that Na or Ca saturated resin did not adsorb K
from nonexchangeable sources, but H saturated_resin
adsorbed K from both exchangeable and ndné#changeable
sources (Pratt, 1951; Haagsma and Miiler, 1963). |

| Research based on Montana soils hés revealed that a
neutral mixture of H and CH charged ion exchange reéin was
valuable for predicting short term uptake of K by plants
(Massee, 1973).and a soil test using strongly acidic H

saturated ion exchange resin showed promise as a method for
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predicting crop response to K‘fertilizer (Haby, 1975).
A thorough search of the literature failed to identify
any published research where ion exchanée resin was used

for the purpose of soil S extraction.

Ion Exchange Resin Bag Methods

The use of a netted bag for holding ion exchange resin
was introduced by Sibbesen in 1977 as a tecﬁnique which
would Simplify the retrieval of the resin in fhg batch P
method. The use of resin bags was distinctly modified by
Binkley and Mateson, 1983, by their use of the resin bags
as-an in-situ ion exchange resin sink assessment of
available nitrogen. They employed their technique of
burying.the mixed bed exéhange resin bags in the soil on
field plots in three different forested stands. Resin bags
were also buried in greenhouse pofs filled with mixed soils
collected from the fiéid sites. The results of the two
resin bhag prqéedures were compared to six standard methods
of chemical and incubation N'availabiiity analyses. - The
results showed that the greenhouse resin bag incubation
correlated well with the traditional indices of N
availability but the field plot resin bags yielded
différent availability estimates; .Tﬁe'latter estimates
were consistent with forest floor development in the
stands. The researchers concluded that the in-field

technique was sensitive to on-site factors that other
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laboratory methods did not test.

Binkley followed this work with a project comparing
clear cut and un-cut forest stands at three elevations on
Vancouver Island in British Columbia gBinkley, 1984). The
resin bags that were buried in the soil of the clear cut
extracted 7 to 20 times more inorganic N than the paired
un—cut site resin bags. The difference was attributed to
increased mineralization rates, reduced plant uptake, or
increased moﬁility'bf N ions associated with the wetter
soil of the clear cut sites.

Research based on Binkley's work was conducted in
England where mixed bed ion exchange resin bags were buried
at 10 cm intervals along two transects representing
grassland and dune slack soils (Gibson et al., 1983).
lAlthough the experiment was intended to be investigation of
spatial variability of nutrient supply, it was concluded
that the in-situ resin bag method assessed the actual
supply rate of plant available nutrients. This is in
direct contrast to data from conventionai methods which
provide only an index of potential plant—-available
nutrient. |

The technique of in-situ mixed bed resin bag analysis
allows nutrient supply to Be measured for any cation or
anion (Gibson et al., 1985). The mode of extraction is
similar to a plant root in both uptake mechanism and

capacity (Sibbesen 1978; Smith 1979). As long as an
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excessive exchange sink.is'proVided by the exchange resin,
the technique is sensitive to organic and inorganic
nutrient supply rates and ion movement rate in the soil
(E1-Nennah, 1978; Binkley 1984).

These principles éupport the theoretical basis for fhe
Phytoavailability Soil Test and these techniques were
adapted to the purpose of developing the phytoavailability

laboratory method.




Lol

12

PST AND STANDARD METHODS

It was necessary £o conduct pilot experiments using
different Eombinations of'mixed bed resins in order to
choose one mixtufe capable of serying as a relatively
infinite sink toward exchangeable P, K, and S. |

Pilot expériments were also conducted to determine
duantitfvof resin, minimum duration of contact time to
collect an assayable quantity of P, K, and S, and type of
stripping solution necessary for a minimum of 99 % recovery
of resin adsorﬁed ions. The soil used was always prepared
as a saturated paste to provide a "standard" soil water
.condition and to.maximize the diffusivg‘propertieé of thé
séil, thle still éllowing characteristics of the chemical
and physical processes of the equilibrium‘dynamics and
diffusion pathway to be influential. Thé parametérs
deriQed from these pilot experiments continued to be
modified tﬁr&ughout the course of study, and such changes
will be noted where appropriate.

The Bozeman silt loam bulk soil sample was.the only
soil used in the methods developmenf experiments. The |
method‘described,for.detefmination of saturation moisture
éonfent oﬁ the Bozeman silt loam was used for all the soils
of this research.  The'determination involved

'supersatufating 100 g. of_soil with distilled—deionized
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water, hereafter referred to as ddw, followed by
equilibration for 24 hours. This process was repeated
until removal of free water was necessary and the soil
reached a static state of saturation. The quantity of
water present in the saturated paste was gravimetrically
determined and an equivalent amount was used for 50 g.
samples of soil in the replications of all experiments.

The mixed bed ion exchange resin bag, used as the
effectively infinite sink for exchangeable ions, contained
2.5 mls of wet, Dowex 50W—X8'Hf charoed cationic resin,
mixed with 2.5 mls of wet, Dowex 1-X8 Cl; charged anion
exchange resin. The resins were separately prepared by %ﬁ
degassing under water by applyiog a vacuum. The resins |
were then combined 1:1 volumetrically, mixed, and loaded
Ainto columns for repeated washing with reagent grade,
concentrated hydrochloric acid. The resins were theﬁ
repeatedly rinsed with ddw and packed into 100 %.polyester
cloth and tightly tied with braided polyester string to
form a tight "sphere." The resin bagé were trimméd of
excess cloth and string and rewashed with acid and ddw os
per the prior loose resin procedure. The resin-bags were
then ofored in sealed containers fiiled with ddw until
moments before being buried in the soil samples.

Soil samples were prepared b? transfer of 50 g. dry
soil into acid washed, 60 ml. screw cap jars. ‘Immediately

prior to interment of the resin bags, the soil samples
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‘'were mixXed with the appropriate amount of ddw required
to produce the saturated paste status. The resin bags
were then inserted into the center of the sample and
covered with soil sample material from the container
itself. The jars were tightly sealed and placed into a
controlled temperature chamber at 30 °C, unless otherwise
stated. . |

Sample units were removed from the temperature chamber
after predetermined time had elapsed and the resin bags
were immediately removed from the soil. Resin bags were
thoroughly washed with ddw tg remove any adhering soil
particles. The clean resin bags were placed in acid washed
snap-cap containers and frozen. Freezing was necessary to
standarize handling and avoid variable standing time due to
an inefficacious stripping précess.

The standard stripping process was also developed from
‘numerous pilot experiments and later refined by employment
of a Centurion Model 24 Vacuum Egtractor. Resin bags were
retrieved from the freezer and allowed to thaw at room
temperaturel They were again rinsed with ddw and placed in
a device which allowed the resin to be steadily flushed
ﬁith a fotal of 50 mls of 2 N HCl extracting solutién at an-
approximate rate of 1 ml. per minute. The eluent was
collected and sealed in acid washed screw cap Sottles.

This exfract solution was analyzed for P, K, and S .

concentration by plasma emission on a Perkin Elmer Model
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5500 Sequential Inductively Coupled Argon Plasma Emission
Spectrophotometer, hereafter referred to as ICP.
The samples were always run in triple replication and
meané of the three replications were used as data, except

in analysis of variance statistical procedures.

General Materials and Methods

The entire study included 22 different bulk soil
samples collected from former field fertilizer rate
response experiment locations in Montana. The Gallatin and
Bozeman Series soils were used for Phytoavailability Soil
Test (PST) methods development and influencing factor
experiments. The remaining 20 soils were used for
correlative experiments and controlled environment

fertilizer rate response experiments.
Soils

All soils were air dried soon after collection, sieved
to retain the less than_or equal to 2 mm. fractiog, and
stored in bulk in an air dried condition. Subsamples were
subjeéted to the following test procedures:

(1) particle size analysis by hydrometer method (Gee and

Bauder, 1986);

(2) percénf CaCOq by gravimetric loss (U.S. Salinity Lab,

1954) ;

(3) percent organic matter (Sims and Haby, 1970);




(4)

(35)

(6)

(7)

(8)

(9)

(10)

(11)

(12)

(13)

(14)
(15)
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soil pH and'conducfivity by 2:1 dilution (U.S.
Salinity Lab, 1954);
extractable K, Na, Ca, and Mg by 1.0 N NH,OAc
extraction and atomic adsorption analysis (Bower et
al., 1952);

extractable K by 0.5 N MgCl, and 0.5 NH4OAC (Rich,

'1964) ;

extractable K by sodium tetraphenyl boron (Scott and
Reed, 1960); |

extractable K by 1.0 N HNO; (Mclean and Simon, 1958);
saturated paste K, Ca, and Mg extraction and atomic
adsorption analysis (U.S. Salinity Lab, 1954);
extractable P by sodium bicarbonafe (Olsen et al.,
1954) .

extractable P by dilute acid-fluoride (Bray and qutz.
1945) .

sulfate by acetate soluble SO, (Bardsley and
Lancaster, 1960);

nitrate extraction (Sims and Jackson, 1971) and
analysis by Cd reduction (Willis, 1980);

clay mineralology (Jackson, 1938);

resin extfaction of P, K, and S by PST method

(Georgitis and Skogley, 1988) and analysis by ICP.

Taxonomic names, and tables of data from the analyses

of the 20 soils are presented in Appendix A.
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Plants

Plant material collected from the éontrolled
environment fertilizer rate experiments consisted of the
entire above_ground portion of the plants per pot. The
tissue was dried at 65 °C and ground to pass a 40 mesh
screen. Samples were weighed and then analyzedhﬁy the
following procedures:

(1) plant tissﬁe K, P, and S by dry ash (Olsen and Dean,

1965) and analysis by ICP;

(2) plant tissue total nitrogen by modified seﬁi-micro

kjeldahl (Bremner, 1965);

Statistical Analyses

Statistical analysis procedures included analysis

of variance,_leést significant difference T tests, linear
and maxr multiple lineaf regression (SAé fnstitute, 1987).
Independent and dependent variables were direct |
concentration values from the previously stated methods.
Variables created from this data base included:

PAR = Potassium Adsorption Ratio;

OTHERCLAY = 100 —(vermiculite + illite + montmorillonite);

iBETA = Slope from linear regression line of concentration

of the ith ion (Y) with log time (X).
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' CHARACTERISTICS OF THE PST METHOD

The Phytoavailability Soil Test (PST) method is
fundamentally based on the hypothesis that a qﬁantity of
mixed bed ion exchaﬁge.resin placed in direct contact with
the solution phase of the scil will extract igﬁs from the
soil by a process similar to a living plant root in a
natural scil system.

Theoreticaliy, both systems would be identical with
respéct to the removal of ions from solution by an excﬁangé
process. Both systems would continuously procure ions by )
establishing a chemical concentration gradient whereby ions
would diffuse toward the net zero concentration sink from
the net positive concentration soil solution. The amount
of ions adsorbed by the sink would be a function of £he
quantity and intensity factors of the soil's equilibrium
process, the diffusion pathway, time, and the effect of
counter diffusion of anions and cations departing froﬁ the
sink as a result of the resin ion exchénge—extraction
process.

Given the similarity of tﬁe two systems, £he PST
method should act as a quantitative index of soil
phytoavailable quantity aﬁd supply rate of nutrients. The
PST method cannot act as a total quantitativé assay of

phytoavailability because, the resin sink has a relatively
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fixed capacity to modify.the source of nutrient ions, while
the root has a dynamic ability to modify the‘rhizogphere.
The objective of this series of exberiments was to
determine.whethér-the PST method operated in a manner

consistent with the theorized characteristics.

Materials and Methods

Id

) The PST procédure waé employed for these experiments
using Bozeman Silt Loam soil. The'eiapsed fime périod of
resin bag-soil contact was the treatment in the first
experiment. The tfeatment.times used were 0.5, 1, 2, 3, 6,
12, 24, 48, 72, and 96 hours at 36 °c.

‘The second experiment was identical to the first
' except the treatments were repeated under temperature

conditions of 10 °C and 50 °cC.

Results and Discussion

Charting the resin extract concentration of P, K, and
S with time revealed a rapid initial increase in RAQ (resin
adsorption'quantit&) Which eventually tapered (Figure 1).
The different line slope and concentration for each element
~illustrate the independent sensitivity of the process with.
respect to the individual eleménts. |

The short term phenomenon caﬁ be described as a fapid
adsorption of the ions in direct contact and near the

resin. This action extends the chemical concentration
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-X- PHOSPHORUS
POTASSIUM
SULFUR.

Hours of Soll-RasIn Contact at 30 C.

Figure 1. Resin stripping solution concentration of P, K,
and S for the Bozeman Silt Loam soil.
gradient into the bulk soil and thereby sustains the
increase iIn RAQ at a diminishing rate with respect to time.
This 1s consistent with diffusion dominated processes 1iIn
soil, where the concentration gradient itself is greatest
at the sink but diminishes with distance from the sink.
Given enough time, the rate of adsorption (slope of the
concentration line) will become fixed as the chemical
gradient potential reaches equilibrium with the soil"s
intensity and rate reductive forces of pathway tortuosity.
These data evidence an approach to equilibrium status by
the declining RAR, resin adsorption rate, but insufficient
time was allowed for establishment of a stable equilibrium.
The temperature treatments were used to further test

the description of the system as a diffusion dominated
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process. Diffusion rate is a function of temperature as It
IS a kinetic process. Theoretically, increased temperature
would cause increased RAQ and RAR.

The K RAQ did increase with temperature and time after
the first 0.5 hour (Figure 2). Phosphorus did not respond
in any dependable manner related to temperature (Figure 3).
Sulfur results were mixed, showing RAQ iIncrease from 10 °C

to 30 OC but then a decrease from 30 °C to 50 °C (Figure

4 .

GD. WKTER - 10 C.
-6- 0.0. WKTER - 30 C.
0.0. WKTER - 50 C.

Hours of Soll-Aesln Contact

Figure 2. Resin stripping solution concentration of K for
Bozeman Silt Loam at 3 temperatures.



22

0 0. VWTER - 10 C
0.0. VWTER - 30 C.
0 0. VWTER - 60 C.

Hours of Soil-ResIn Contact

Figure 3. Resin stripping solution concentration of P for
Bozeman Silt Loam at 3 temperatures.

0.0. VWTER - 10 C.
0.0. VWTER - 30 C.
-*- 00. VWTER - 50 c.

Hours of Soll-AesIin Contact

Figure 4. Resin stripping solution concentration of S for
Bozeman Silt Loam at 3 temperatures.
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The lack"of'distinct K and ? concéntration differences
at the shorter time points was‘aftribute& to the fact that
‘the samples were at rdom~temperature when‘placed in the
temperature chamber. The samples certainly Qere not’
equilibrateq to the chamber temperature immediately and so
Qere subject to some lag period for the actual treatment
effect. Unfortunafely, me&surements were not taken to
document this effect.

The relatipnship of K to temperature wéé an obvious
increase in RAQ as a function of temperature,-Which
verified the dominénce of diffusibn'for that elemenf. The
relationship of P and 5 to temperature was not clearly an
igdication of a.diffusion dominated prdcess.

The lack of continuous increase in RAQ P, after the
short term, suggested-simply that the adsorption of P by
the resin was weak and a stable chemical gradient was not
establisbed. The short term RAQ_illustrated.thefe#pééted
relationship to time but valid statements regarding
diffgsién in the long term were negated by the variability
\of the data. Thé variability'was'prébably due to the'
weakness of the resin in perfbrmance as an infinite ion
sink and the imprecisiqn of the resin stripping process at
this point in the research. | ‘

The effect .of time on RAQ 5 did indicate that.a-normal
diffusion rate process was driving the sysfem at each -

temperature. However, the decreasedﬂRAQ at 50 °cC suggested
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that the guantity of S in soil solution was reduced by the
higher temperature treatment. Tﬂe amount of S in soil
solution is influenced by anaerobic bacterial
mineralization. The influence of temperature probably
decreased mineralization at the 10 °C and 50 °C level and
enhanced mineralization at the more bioclogically optimal
-temperature of 30 °C. This explanation is plausible but

was not directly tested in this experiment.

Conclusions

The PST method was shown to be independently sensitive
to P, K, and S in terms of RAQ, RAR, and temperature
effects. The data trends for K consistently followed
principles attributable to a diffusion dominated system.
There was sufficient evidence for conclusion that S-was a
diffusion dominated system, but the amount of S available
in solution appeared to be a fﬁnctioﬁ of a temperature
sensitive, possibly biologically mediated process. The
data trends for P offered only weak evidence of a diffusion
dominated system. The severe problems associated with P

. indicated a clear need for modification of the method.
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TEMPERATURE AND BIOLOGICAL EFFECTS ON.THE PST EXTRACTION

A pilot study evaluating different anion exchange

resins in combination with the same hydrogen cation resin

"resulted in the choice of Amberlite IRN 150 mixed bed Hf

saturated cation and OH™ saturated anion resin for these
experimenté. This resin has beﬂter P selectivity than H/Cl
resin.

A series of experiments was designed to test the
hypothesis tﬁat microbial mineralization of S dées

contribute to RAQ. Treatments of phosphatase enzymes and

.sucrose were used to test for possible influences of other

biological effects on RAQ.

Materials and Methods

The Gallatin Silt. Loam bulk soil sample was collected
at the Montana Agricultural Experiment Station at Fort

Ellis variety trial site adjacent”to Rocky Creek in

. Bozeman, Montana. This sample was necessary because the

remaining quantity of Bozeman Silt Loam was insufficient
for these experiments. The methods employed for‘these
experiménts were identical to the basic PST mthbd exceﬁt
that the néw mixed resin was not cleaned with hydrocﬁloric
acid. Pilot work did verify that the resin as provided by

the supplier was free of P, K, énd S contamination.
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To test the hypothesis that temperature effects on S
mineralization rates are related to RAQ S differences, it
was necessary to design treatments fér experiment I that
would eliminate microbial mineralization. A pilot study
was conducted to establish minimum separate threshold
conceptrations of HgClZ and Tetracycline necessary for
prevention of anaerobic bacterial activity. Mercuric
chloride was chosen for its extreme biological toxicity,
and tetracycline (a broad spectrum antibiotic) was chosén
for its destructive effect on anaerobic bacteria and its
huﬁan innocuousness. Both treatments were added as
prepared solutions in place of ddw for preparation of
saturated paste. Both solutions were tested and found to
be free of P, K, and S contamination.

" The treatmenté of experiment I included:
1) 3 different saturaﬁed paste prepérations of either ddw,
or 15 mg 171 Tetraqycline, or 15 mg 171 HgCl;
2} 5 temperature treatments of 10, 20f 30, 40, and 50 °C;
3) 5 time periods of 1, 3? 5, 7, and 15 days.

The materials and methods 6f.experiment IT were
consistent with those_of experiment I, except for the
treafments and use of one temperature, 30 °C. This
experiment was intended to test for an enhancement effect
of common root exudates on the RAQ of P, K, and S. The
treatments of experiment II included:

1) Soil pretreated by autoclaving and mixed to saturated
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paste with ddw;

2) Soilnpretreated by autoclaving and ﬁadé to saturated .
paste with 50 mg 17! acid phosphatase solution;

3) Soil pretreated by autoclaving'and made to saturated
paste with 50 mg 17! alkaline phosphatase solution;

4) Soil not pretreated and made to saturated paste with 50
mg 171 sucrose éolution. |

The ievelé of these treéatments were designed to be
higﬁer than naturally occurring concentrations to
aéceﬁtuate any possible effects. The autoclaving
pretreatﬁent'of the soil was.necessafy és bacteria would
consume the enzyme as a carbon source if left unchecked.
_The process of autocléving can chadge the physicai and
chemical character of.the‘scil, so treatment 1 was desigried
to serve as a check against treatments 2 and 3.

The ddw 30 °C treatment of'experiment I served as the
check against the sucrose treatment of éxperiment IT. The
hypothesis teéted with this preatment ﬁas that presence of
a readily utilizéd'cafbon séufce would enhance
microbiclogical mineralization activity. This enhancement

should ‘be measurable as RAQ change.

Time and Temperature Effects

The analysis of variance table for experiment,I
reveais'significant single term effects of day and

temperature for all elements, and an additional significant
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effect of treatment in the case of S (Table 1).

Table 1. The analysis of variance table for experiment I
R, K, and S on Gallatin Silt Loam soil.

Dependent Variables: P, K, .and S conceTtration of stripping
solution in mg 1~ Alpha = 0.05.

P Mean K Mean S Mean
Source DF Square Square Square
REP 2 0.4 21.9 0.8
TRTg 2 8.4 17.3 . 2.2%%
DAY 4 1545 ,5%% 8897 .9%%* 71.4%%
TEMP® 4 33.4%x 4146 . 2%* 37.0%x
TRT*DAY 8 4.6 o 33.6%x% 0.6%x
TRT*TEMP 8 7.2%% 7.4 0.4%*
TEMP*DAY 16 10.5%* 252.9%* 2.0%x
TRT*TEMP*DAY 32 5.9%x* 10.1 0.1
Error 148 2.3 12.7 0.11

** Denotes significance ét or beyond the 0.01 levil. .
- a : Saturated scil paste made as ddw, or 15 mg 1 - HgCl, or
- 15 mg 17 - Tetracycline.
b : Soil-resin contact time of 1, 3, 5, 7, and 15 days.
¢ : Temperature during soil-resin contact time of 10, 20,
30, 40, and 50 °C.
The significance of the treatment effect for only S
was verified by the least significant difference T
grouping, hereafter referred to as LSD, (Table 2). The
effect of the antibiotic was a significant reduction in
mean RAQ 8, insignificant reduction of K and slight
differences in P: These results imply that P was not
released by mineralization, and that the K release was not
directly a function of mineralization. The clear effect of
the treatments on S suggest that S released by

mineralization contributed to RAQ. Sulfur was also

gignificantly highér by the HgCl treatment than by
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Table 2. T groupings by least significant difference for
the experiment I treatments on Gallatin Silt
Loam soil. :

Dependent Variables: P, K, and S concentration in stripping
solution in mg 17+ across all times
and temperatures. Alpha = 0.05.

PHOSPHORUS POTASSIUMV SULFUR

T T T

GROUP .MEAN TRT  GROUP MEAN TRT  GROUP MEAN TRT

A 14.75  Tetl A 29.71 H,0 A 2.26 H,0
AB 14.59 H,0f A 29.20 Tet B 2.11  HgGCl
B 14.11  HgC1® A 28.75 HgCl - C 1.92 Tet

LSD 0.4872 1.1483 0.1071

a : Saturated soil paste made 1; mg—l_1 Tetracycline.

b : Saturated soil paste made with ddw.

¢ : Saturated soil paste made with 15 mg 1‘1,ch1.
tetracycline, indicating tﬁat the chloride anion may have
promoted release or conversion of S to a diffusible form.

The significant effect of DAY in the ANOVA table was
supported by LSD (Table 3). The progreséion of mean RAQ
was consistent with the diffusion dominatéd system for all
elements. This trend and the clear’separation of each day
indicated that the H+/0OH- mixed bed resin was operating as
a relatively infinite exchangeabie ion éink to each of the
three elements for the 15 day duration of this study.

The significant TEMPERATURE effect of the ANOVA table
was elucidated by LSD analysis (Table 4). These data
illustrate a steady increase in RAQ under the influence of
increasing temperature for K and S but not for P. The P
data were not clearly different for 20 and 30 °C and the 40

©C mean was not ranked in a normal progressive order.
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Table 3. T groupings by least significant difference of
experiment I soil-resin contact time in days
for P, K, and 5 on Bozeman Sllt Loam soil. ‘

Dependent Means: Mean confentratlon of stripping scolution

in mg 1 across all temperatures
Alpha = 0.05.

PHOSPHORUS l POTASSIUM SULFUR

T - T T

GROUP MEAN DAY2 GROUP MEAN DAY GROUP MEAN - DAY
A 22.68 15 A 49.14 15 A 3.80 15
B 16.84 7 B 33.35 7 B 2.67 7
C 14.21 5 C 27.98 5 C 2.10 5
D 11.75 3 D 21.65 3 D 1.48 3
E 6.93 1 E 11.97 1 E 0.44 1

LSD 0.629 1.4825 - 0.1383

a : Soil-resin contact time in days.

Table 4. T groupings by least signifieent difference.of
experiment I temperature on Gallatin Silt Loam
soil. Ailpha = 0.05.

Dependent Means: Mean confentfation of stripping solution
in mg 17+ across all days
Alpha = 0.05.

PHOSPHORUS POTASSIUM - SULFUR

T T T
GROUP MEAN TEMPZ GROUP MEAN TEMP GROUP MEAN TEMP
A 15.60 50 A 41.82 50 A 3.46 50
B 14.87 30 B 35.73 40 B 2.37 40
BC 14.50 . 20 C 27.28 30 C 1.99 30
C 14.23 40 D 23.49 20 D 1.67 20
D 13.26 10 E 17.78 10 E 1.01 10
LSD 0.629 1.4825 - 0.1383

a : Temperature during soil-resin contact time in °C.

These data indicate that temperature does not'have a simple
effect of enhancement of RAQ P, but that indirect effects

may be contributory. The overall effect of temperature was
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consistent with diffugion.enhangament when the loweét and
highest temperature treatments were compared. The
confusion in thelmid range may have been the result of
microbial activity, or énhanced‘rate of reaction of éélcium
phosphate formation as a function of temperafure, or
unknown influences which cannot be- determined from these
ekperiménts.

Any'interaction ter@ iﬁvolving.DAY-is a test of the
RAR process. When a treatmen£ allows an increase of RAQ S
it indicates that the solution S available for diffusion to
the resin has increased. .When a similar tendency 1is
evident as a function of time it is an indication that the
rgte of diffusion to the resin has been-enhanced by the
influéncing fbrce.

The significant ANOVA table interaction effect Qf TRT
by DAY for K.and S was an indication that the rate of both
K and S was affected By biological actiyity, even though
the RAQ for K was not significantly increased by the |
treatment. This apparéent influence Qn'K intensity may be
exblained by release of K from soil exchange-Sites to aid
in balancing the net negative soil solution charge
generated by .increased S concentration;

.The significant ANOVA table interaction of DAY by TEMP
for all eiements‘was a clear indication that rate was
enhanced by temperature. ' The much stronger expression of

this interaction for K and S verses P was the result of the
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unclear single term effect'of temperature for P. HoweQér,
this DAY b? TEMP .interaction supports the contention that
the entire system is diffusion dominated. ﬁynamics of P
within this contexf are not clearly shown..

The significant ANOVA interaction of TEMP by TRT for S
.was based on the consistent increase in S by temperature
across all treatments. The relative RAQ difference between
treatments remainéd uhchanged,as ddw > HgCl > tétracycline
écross all times and all témperdtures. The significant
interaction of TEMP'by TRT fof P was the result of the
significanﬁ concentration rise as a function of temperature
and the treatment effects by HgCl and tetracycline.
Potassium data did not. show significance for a two way
interaétion because there was no treatment effect. The
cause of the significant fhree way interéctiqn for P are

not clear and cannot be reasonably described.

Sucrose Treatment Effects

The ddw treatment of experiment.I was most
apprbpriately cbmparable as a control for the 50 mg/L
sucrose treatment of experiment II. The treatmenfs of
experiment I tested for‘@icrébiological influencé on the
system by prevention of bacterial activity, while the
addition of sucrose was intended to test for microbial -
influence by enhancement of activify.

The ANOVA table of this comparison indicated that
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there was a significant effect of sucrose on RAQ S but not
on K orr P (Table 5). The éddition of sucrose cleafly
Table 5. The analysis of variance table for experiment II
P, K, and S sucrose treatment with experiment T

ddw treatment on Gallatin S11t Loam soil
at 30 °c.

Dependent Variables: P, K, and S cqncentratjon of stripping
solution in mg 1~

: P Mean K Mean S Mean
Source . DF . Sguare Square . Square
REP 2 0.49 -19.95 1.38
TRT® o1 10.60 23.34 561.40%*
DAYP 4 133.40%x* 715.28%% 39.39%x
TRT*DAY 4 1.55 49 ,.33%% 9.95%%
Error 18 2.04 8.04 0.39°

* % Denotes significance at or beyond the 0.01 leve
a : Saturated soil paste made with ddw or 50 mg 1
sucrose.
b : Soil-resin contact time of 1, 3, 5, 7, and 15 days.
caused a substantiai increase in S release as a direct
result of the treatment (Table 6). The non significant
increase of K was identical to the experiment I results,
indicating that the explanation of K release for solution
charge balance was valid and applicable to both
experiments.‘ The decrease of P that resulted from added
sucrose may be evidence that the sucrose did‘increase
microbfblogical activity,‘in thaﬁ P otherwise available for
diffusion was also readily available for microbial

utilization in the flush of population growth and activity

that accomﬁanied the sucrose addition.
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Table 6. T groupings by least significant difference for
P, K, and 3, sucrose treatment of experiment IT
and ddw treatment of experiment I on-Gallatin
Silt Loam at 30 °C. Alpha = 0.05.

Dependent Variables: Mean P, K, and S concentfation‘of
stripping solution in mg 1 - across
all days. Alpha = 0.05.

' PHOSPHORUS POTASSIUM o SULFUR
GRgUP 'MEAN TRT GRgUP MEAN “TRT GRgUP MEAN TRT

A 14.73 ddw® A 29.44 Sué. A 7.60 Suc.

B 13.54 Suc.®? A  27.67 ddw B .2.17 ddw
LSD 1.0947 N 2.1756 S 0.4818

a': Saturated soil paste made with ddw.
b : Saturated soil paste made with 50 mg 171 sucrose.

The significant efféct of DAY for all elements in the

ANOVA analysis was éupported by the separation and normal

progression of means in the LSD analeis.(Tablé 7). " The

Table 7. T groupings by least significant difference of
P, K, and S experiment II sucrose treatment
with ddw treatment of experiment I on Gallatin
Silt Loam soil at 30 ©C. Alpha = 0.05.

Dependent Means: Mean P, K,Aand S concentration,of'
stripping solution in mg 1~ across both
treatments. Alpha = 0.05.

PHOSPHORUS POTASS IUM SULFUR
GROUP MEAN DAY®  GROUP MEAN DAY GROUP MEAN DAY
A 20.39 15 A 43.63. 15 A 6.33° 15
B 16.71 7 B 34.25 7 AB 6.05 7
c 13.94 5 C 28.35 5 B 5.32 5

D 11.51 3 D 21.91 3 c  4.40 3
E 8.12 1 E  15.00 1 D 2.34 1
LSD 1.7309 3.4400 0.7618

a : Soil-resin contact time ih days:

I}
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rate of S release incfeased most dramatically in the first
5 days and then.abruptly tapered off. This progression
suggests that activity was enhanced up to 5 days and that
something may have become limiting after that point.

The significant TRT by DAY interaction terms»of the
ANOVA table for K-and S represent the fact that K and S
increased Both with time and witﬁ sucrose addition. The
lack of significance for P was due to the fact that sucrose
caused an overall decrease in RAQ P, while time produced

the normal trend of increase.

Phosphatase Treatment Effects

The autoclaved ddw treatment resulted in a slight
increase in RAQ 9 in comparison to the nonautoclaved ddw
treatment. The differeﬁce between autoclaving treatments
was negligible for P and K. Data in the ANOVA table for
this experiment illustrate a significant effect for
treatment on S, but not for P or K (Table 8). The LSD
analysis of the treatment term showed that all elements
were increased by ﬁhe phosphatase treatments, but~the
increase for P was far from significant (Table 9). The
strongest effect of the treatment was on S where alkaline
phosphatase caused the greatest release, but'either
phbsphatase caused the re}ease of more than twiceAthe ddw

amount.

The mode of action of the phosphatase enzyme is
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Table 8. The analysis of variance table for experiment II
P, K, and S on autoclaved Gallatin Silt Loam
soil at 30 ©c.

Dependent Variables: P, K, and S concentration of stripping

solution in mg 171,

P Mean K Mean S Mean
Source DF Sguare Sguare Sguare
REP 2 0.57 4.03 0.09
TRTg 2 0.50 56.21 88 .94 x
DAY 4 212.62%x* 1820 .74%* 61.99%*
TRT*DAY 8 1.48 9.66 . 2.70%*
Error - 28

1.75 12.30 ' 0.62

" ** Denotes significance at or beyond the 0.01 level

a : Saturated soil paste made with ddw, or 50 mg 1_1 acid
phosphatase, or 50 mg 1 ~ alkaline phosphatase. :

b : Soil-resin contact time of 1, 3, 5, 7, and 15 days.

Table 9. T groupings by least significant difference for
P, K, and S experiment II treatments on
autoclaved Gallatin Silt Loam soil at 30 °cC.
Alpha = 0.05.

Dependent Variables: Mean P, K, and S concenE{ation of
stripping solution mg 1 across all
days. Alpha = 0.05.

PHOSPHORUS POTASSIUM SULFUR
T T . T
GROUP MEAN TRT GROUP MEAN TRT GROUP MEAN TRT
A 14.25 Alpt.2 A 32.82 AlPt. A 8.00 AlPt.
A 14.02 AcPt.P A 32.08 AcPt. B 7.14 AcPt.
A 13.89 ddw® B 29.16 ddw c 3.42 ddw
LSD 0.9907 2.6231 0.5%602

a : Saturated soil paste made with 50 mg 171 alkaline
phosphatase.

b : Saturated soil paste made with 50 mg 171

: phosphatase.

c : Saturated soil paste made with ddw.

acid

cleavage of ester bohded phosphate, and it is capable of

attacking ester bonded sulfate. It was evident from these
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data that ester bonded phosphate was a small portlon of the
'1norgan1c P pool, but ester bonded sulfate apparently
occurred in an amount equal to that normally availablé for
diffusion. The treatment amount of S released by the
phosphatase was very nearly idéﬁtical to the treatment mean
amount released by addition of sucrose (Table 6). This
suggests that‘the sterically exﬁosed ester bonded sulfate
may have been the primary source utilized by bacteria'fn
the mineralization process. However, this would have to-be
tested directly to be conclusive. |

Perhaps the clearest indication of a trend for K
release as a function of S telgase was exhibited b? the
parallel increases ffom ddw:toVacid phosphatase to alkaline
phosphatase1- The parallel relatidnship is clear, but the
1essef increase of K felative to 8 suggests K probably
contributes to‘solutign charge balance'yet'does not itseif-
satisfy all of the positive charge requirement.

The significant term‘of DAY in the ANOVA tablg was the
fesult of the nor@al progréssion'of RAQ increase with timé‘
in a diffusion dominated system (Table 10). The mean '
values for P ﬁete relatively ;deﬁtical to experiment I,
while the valués of K and S were higher due to'the
enzymatié release of.S (Table 3).

The significant interaction term of TRT by DAY for S
was a result of the céincidént effects of a doubling of

soil solution concentration due to the‘phgsphatase
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Table 10. T groupings by least significant difference for
' P, X, and S experiment II days on autoclaved
Gallatin Silt Loam soil at 30 ©cC.
Alpha = 0.05.

Dependent Means: Mean.P, K, and S ioncentration of striping
solution in mg 1~ across all treatments.
Alpha = 0.05. -

PHOSPHORUS POTASSIUM SULFUR

T T T
GROUP MEAN DAY2 GROUP MEAN DAY GROUP MEAN DAY
' /
A 20.48 15 A 52.11 15 A 9.95 15
B 16.16 7 B 36.47 7 B 6.88 7
C 14.04 5 C 30.36 5 C 6.51 5
D 12.27 - 3 D 23.46 3 D 4.61 3
E 7.30 1 E 14.35 1 E 2.98 1
13D 0.629 1.4825 0.1383

a : Soil-resin contact time in days.

treatment and a consistent concentration increase with
time. The lack of significance for P and K resulted from
fhe total lack of treatment effect on P and the
discrimination of only phosphatase verses non—phosphatase

for K.

Conclusions

The éffect'of time under all conditions was shown to
be consistent with.a diffusion dominated system.
Temperatufe directly influenced RAQ 3 and K in a manner
consistent with a diffusion dominated system. Phosphorus
was influenced in a normal manner by the extremes of
temperature, but was complicatéd by unknown processes in the

middle range of treatments.
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The treatments of tetracycline and mercuric chloride
dampened RAQ K and S but did not éffeét'P; The suﬁrose
treatment enhanced minerglization which‘resulted in
increased RAQ K and S and decreaged P. The 5 RAQ was shown
to be directly related to micfobiological activity while K
was weakly felated to solution S changes, and not directly
related to mineralization.

Sulfur release was caused by phosphatase eﬁzyme
cleavage of”esfer bonded S in a guantity para}lel to
enhancement of mineraliéétion by sucrose addition. Sulfur

release was also caused by the HgCl treatment.
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A COMPARISON OF PST AND
STANDARD TEST EXTRACTION PROCESSES ON TWENTY SOILS

The objective of these experiments was -to characterize
the sensitivity of eaqh extracﬁion process to scil solid
and solution phase concentration dynamics.

Three different PST procedures and standard soil test
method‘extractions of P, K, and S were comparatively
related to soil propertieé of 20 representative Montana

agricultural soils to meet the objective.

Materials and Methods

The twenty bulk soil sgmples identified in chapter 1
were subjeéted»to the standard ﬁST metﬁﬁd with mixed bed
resin treatments of: A. resin bags made with H+ charged
cationic resin (Dowex 50W-X8) mixed with anionic C1~
charged resin fﬁowex 1-X8) and used,in‘soil samples brought
to saturaﬁed paste by ddw additien, B. resin bags made of
Amberlite IRN 1350 HY/0H™ charged mixed bed resin and used
in soils brought to saturated paste by ddw addition, C.
resin bags made of Amberiité IRN 150'H+/0Hf-charged mixed
. bed resin and used in soils brought to saturated paste by
f15‘ug/L tetracycline solution addition. Hereafter, these
treatments will be referred to.simpiy as HCL, HOH, and

HOHT, respectively. The equi1ibration;temperdture was- 30

I —
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°C and equilibration times were feported as 1, 3, 5, 7, and
15 days in all cases. The actual times for HCL were 1, 2,
3, 4, 5, 6, 7, and 14 days for 15 of the soils and 1, 2, 3,
4f 7, and 14 days for 5 of the soils. The actual times for
HOH and HOHT were 1, 3, 5, 7, and 15 days. A valid
statistical approach was used to generate values for 5 and
15 days when necessary to balénce thé overall data base.

Many independent and dependent variables were used for
statistical analysis by regressioﬁ, but full reporting of
all results wouid be tedidusly redundant. The two reported
dependent variaﬁles for each soil and for each element were
1) the concentration mean as derived from the sum of all
replicaﬁions of days 1, 3, 5, 7, and 15, and 2) thé slope
of a linéar regression line calculated from a plot'of
concentration (y) with the log of time (x). The time-phase
. data of PST method were not apprépriate for calculation of
dependent variables representing "Quantity" and "Intensity"
as described by Beckett 1964. However, the concentration
mean was clearly a ferm dominated by a quantity |
relationship, while the slope of the concentration as a
functioh of log—-time was a term dominated by intensity. 1In
order to avoid confusion with the accepted terms of
"Quantity" and ”Intensity“, the terms Resin Adsorption

Quantity (RAQ) and Resin Adsorption Rate (RAR) were used

throughout this text.
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Results and Discussion

Analyéis of variance was performed using'the‘data base
of the 20 soils in a randomized complete Elock‘desigh. The -
. RAQ of each element was used as the dependent variabléj
(Table 11). The anova table reQealéd‘that all the facto;s,

Table 11. The analysis of variance table for P, K, and S
RAQ on 20 soils.

Dependent Variables: Mean P, K, and S concentraEion of
stripping solution inmg 1 ~.

P Mean : K Mean S Mean

Source DF Sguare Square Square -
REP 2 0.1 97.8 1.5

TRT2 2 555.7%* 91364 .4%* 175.7%*
DAYP 4 649 .3%* 121312.7%* 294 .2%x*
.S0ILS 19 464, 6%* 20665.5%* 414 .5%*
SOIL*TRT 38 33.1%** 2384 .4%** 60.5**
SOIL*DAY 76 14, 3** 11148.1%** 12.8%x
TRT*DAY 8 92.7*x 6883 .3** 23.5%*
SOIL*TRT*DAY 152 3.4%* . 221.3%% 3.6%*
ERROR 598 0.80 65.5 0.59

** Denotes significance at or beyond the 0.01 level.

a : PST procedure using HCL resin with ddw saturated soil
paste preparation, or HOH resin with ddw satuiated soil
paste preparation, or HOH resin with 15 mg 1
tetracycline saturated soil paste preparation.

: Soil-resin contact time of 1, 3, 5, 7, and 15 days.

¢ : Twenty Montana agricutural soils.

o

of the model were significant except réplications.

~An LSD statistical proceddre was conductéd-fOr'the
term SOIL (Table 12). The separation of soils into a
large number of iﬁdividual T groupiﬁgé was a broad
indication of the sensitivity of the PST methoa toward

resin available quantities of the element. This procedure
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Table 12. T groupings by least significant difference for
P, K and S soil means for 20 soils.

Dependent Means: P, K, and S conceTtration of stripping
: solution in mg 17~ across all days and
treatments. Alpha = 0.05.

TPHOSPHORUS POTASSIUM - SULFUR
. T T
| GROUP MEAN SOIL® GROUP MEAN SOIL GROUP MEAN SOIL
A 14.48 6 A 116.18 15 A 9.37 19
- B 13.15 10 B 84.45 17 B 7.30 20
c 12.27 4 cC 77.64 20 B 7.14 12
D 10.49 20 . C - 77.03 3 C 6.46 9
E 9.97 3 D 72.04 8, D 5.24 15
E 9.63 8 - ED  71.51 1 E 4.19 8
F 9.07 14 EF 68.66 . 5 E 3.87 3
G 8.49 15 EF 68.62 11 F 3.25 7
H 8.03 12  F  67.40 6 F 3.17 17.
H 7.91 9 G 61.99 9 F 3.00 16
1 7.50° 5 HG  61.29 7 G 2.53  6°
J 6.07 11 HI 57.96 18 H 2.17° 14 _
KJ 5.90 1 I 56.85 10 IH 1.99 13
KL- 5.55 18 J 52.75 12 . IH 1.94 5
L '5.48 13 J 51.60 4 IH 1.93 10
M 4.80 7 K 47.18 16 JIH 1.87 4
NM 4.58 16 L 35.31 19 KJI 1.81 18
NM 4.47 17 M 31.65 13 KJ 1.59 2
N 4.29 2 M 31.01 2. K 1.51 11
0. 2.76 19 N 23.41 1 . K 1.50 1
LSD 0.370 3.352 . 0.317

a : ggil number, taﬁonomic name listed in Appendix Table
was the most cbhse?vative'appfpach for testing sensitivity
because the individual treatments do not directly affect
the separation of soil RAQ means. The different ranked
order and T groupings exhibited for each element was.also.a
most conservatiQe'test that indicated the mixed bed ion
exchange resin was sensitive to P, K, and S individually.

Within each element, it was noted that the separation was
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best in the higher concentration-ranges and less distinct
in the lowest third of the concentration range.
An LSD statistical procedure was conducted on the
treatment means (Table 13).
Table 13.VT groupings bylleast significant difference for

the P, K, and S concentrations of the HCL, HOH,
and HCOHT treatments on 20 soils

Dependent Variables: Mean P, K, and S concentration of
stripping solution in mg 1 across
all soils and days. Alpha = 0.05.

PHOSPHORUS _ POTASSIUM SULFUR
T T T
GROUP MEAN TRT GROUP MEAN ' TRT GROUP MEAN TRT
A 8.834 HOHa & A ' 80.68 HCL A '4.667 HCL.
B 8.178 HOHTD B 53.20 HOH B 3.622 HOH
C 6.218 HCLc C 48.30. HOHT C 3.176 HOHT
LSD 0.1433 - | 1.2982 0.1228

a : PST procedure using HOH resin with ddw saturated 5011

paste preparation. 1
b : PST procedure using HOH resin with 15 mg 1

tetracycline saturated soil paste preparation.

c.: PST procedure using HCL resin with ddw saturated soil
paste preparation.

The HCL mixed bed resin showed the lowest overall mean
quantity of P because Cl charged anion resin has beeh‘
determined to have a substantially lower exchange affinity
toward P than OH charged resin (Table 14).

The ratio of resin selectivity for the phosphate ion to
the hydroxyl ion is 5 which -indicates adsorption of
phosphate would be favored. The ratio of resin selectivity

for the phosphate ion to the. chloride ion was less than i,

which indicates adsorption of phosphate would not be’
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Table 14. Relative selectivities of Type I strong base
anion exchange resin for adsorption of phosphate

ions.

Ion Relative Selectivity

OH™ 1

HSO4— : 85

NO3" 65

NO5 ™~ 24

cf- 22

HPO4— 5

Goltz 1989.

favored in this resin. The higher mean P concentrations
for the HOH resin treatments supports this’characteristic.'

The lower mean concentration for HOHT versus HOH across
all elements indicates that microbiclogical activity did
affect RAQ. Whether this was a direct effect of
mineralization in each element's case was not tested
directly and therefore remains speculative.

The HCL resin bags caused a noticeable fizzing of thé
s0il when first bufied in the sample, but the HCH resin
bags did not cause-such a reaction.  The fizzing clearly

indicates an acid—-base reaction of carbonates to free acid

-in the resin. The relative selective advantage of divalent

calcium for cation exchange sites in the soil would have
caused a subsequent release of potassium. The Higher mean
K concentration for HCL probably resulted from this assumed
increased calcium concentration in soil solution from
dissolved caicium carbonate.

The higher mean S qohcentration for the HCL resin was
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consistent with other experimental data previously
presented. The solution chloride provided by the resin may
have released sulfate from organic sources by Sy2 organic
displacement reaction. Solution chloride may have promoted
sulfate release by inorganic reactions of substitution for
S occurring as solution ion pair Qnd/or mass action
displacement of exchangeable sulfate. Whatever the true
cause, the effect of the'sulfate release by chloride was
strong enough to override the fact that the relative
selectivity towafd sulfate is poorer for CL™ charged anion
exchange resin than for OH charged resin.

The S0IL, DAY and TRT factors are individually sﬁrong
in the anova models and are therefore likely to generate
significant interactions. Both P and K exhibited the TRT
by DAY interaction term as the strongest, which suggests
that RAQ for a given treatment is influenced by a rate
process. The strongest interactioﬁ term of socil by TRT for
S indicated that the gquantity of S adsorbed by the
particular resin treatment was dependeﬁt on the treatment's
specific.interaction with a given soil. The SOIL by DAY
interaction is also significant, indicating the rate factor
was important across different soils.

The data set was split into individual treatments fo
more specifically address RAQ relationships and to -

incorporate RAR relationship evaluation.
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Phogphorus Treatment Responses

The results of the analysis of variance for mean.P
.concentration by each treatmen£ iqdicated'that all factors
of the model have a significant effect except replica£ions'
(Table'le. |

Table 15. The analysis of wvariance table for P RAQ by
treatment on 20 Soils.

Dependent Variable: P concen&ration of'stripping solution
' in mg 1

HCL2 Mean HOHP Mean  HOHTS Mean

Source = - DF Sqguare Square Sguare
REP 2 0.2 0.9 1.2
pay? - 4 43.7%x 495.7%%  260.1%*
SOIL® 19 200 . 7% 178 .8*%¥ 133.3**
SOIL*DAY 76 o 4.0%* ' 9.2** 6.9%*
ERROR 299 0.41 0.84 1.14

** Denotes significance at or beyond the 0.01 level.

a : PST procedure using HCL resin with ddw saturated 5011

_ paste preparatlon

b : PST procedure using HOH resin with ddw saturated soil
paste preparation.

¢ : PST procedure using HOH resin with 15 mg 1~ -1
tetracycline saturated soil paste preparation.

d : Soil-resin contact time of 1, 3, 5, 7, and 15 days.

e : Twenty Montana Agricultural soils.

SOIL is the strongest factor affecting the model for
HCL, and DAY is the strongeét factor affeéting the HOH and
HOHf treafments.'The significance of the soil factor in
each model restates the fact that PST is soil sen51t1ve
This. sensitivity was further supported by the LSD

separation into T groupings (Table 16).
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Table 16. T groupings by least significant difference of
P concentration for soils by treatment
on 20 soils. : :

Dependent Means: P cogientration of stripping solution in
mg 1 across all days. Alpha = 0.05.

HCLE HOHD HOHTS
T 4 T ‘ - T
GROUP MEAN SOILE® GROUP MEAN SOIL GROUP MEAN SOIL
A 14.26 6 A 14.96° 6 A 14.23 6
B 13.03 10 B 13.91 10 B .12.50 10
B .12.74 4 C 12.57 20 C  11.65 4
C 9.00 3 C  12.42 a c 11.37 20
D 7.53 20 D 11.71 3 DC  10.99 8
D 7.27 8 D 11.52 . 9 DE 10.43 14
D 7.26 11 ED ~ 11.13 15 E 10.20 .15
E 6.57 14 " EF  10.65 8 FE 9.75 9
F 5.76 5 GF 10.20 14 FG 9.19 3
F 5.64 12 G 9.62 12 G 8.83 12
G 5.08 1 H 8.30 5 G 8.43 .5
HG 4.78 13 I 7.01 18 H 6.64 18
HI 4.51 17 I 7.01 16 H 6.58 1
JI 4.25 - 7 J 6.03 1 I 5.68 13
JI 4.15 15 J 5.98 13 I 5.49 11
J 3.83 2 J 5.53 7 J 4.63 7
K 3.01 18 J 5.47 11 J 4.60 2
L 2.52 16 K 4.66 17 J 4.26 17
L 2.45 9 K 4.46 2 J 4.22 16
M 0.74 19 L 3.53 19 J 3.90 19
.6618 0.7674

[
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a : PST procedure using HCL resin with ddw saturated soil
paste preparation. -

b : PST procedure using HOH resin with ddw saturated soil
paste preparation.

¢ : PST procedure using HOH resin with: 15 mg 1—1
tetracycline saturated soil paste preparation.

d : Soil number, taxonomic name listed in Appendix Table
69. : ‘

Close scrutiny of the T Groupings.shows that HOH and
HOHT rankings are similar, with only soil 16 displaying a
dramatic shift between the two treatments. ‘The prevention

of microbiological activity (HOHT) caused all soils to have
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& lower P concentration than HOH. The HCL order is
markedly different from the HOH treatments for soils 3, 11,

17, 89, and 15 in particular. The ordef rearrangement and

the lower HCL concentrétions are related to the difference

in relative selectivity for phosphate between the two types-

of anion resin and differing resbonses to this altered
affinity.
The most distinct evidence of the different behavior of

‘P for HCL compared to HOH treatment was exhibited by the

least significant difference separation of DAY means (Table

17) .

-Table 17. T groupings by least significant difference of
P concentration for days by treatment
on 20 soils. :

Dependent Means: P cogientration_of stripping solution in

mg 1 across a}l soils. Alpha = 0.05.
HCLE . HOHR HOHTE
T T T
GROUP MEAN DAYS GROUP MEAN DAY ‘GROUP MEAN DAY
A 6.83 7 A 12.71 15 A 11.19 15
BA 6.69 5 B 10.13 7 B 9.13 7
BC 6.48 3 c 8.95 . 3 C 8.28. 5
C 6.36 15 D 7.28 3 D 7.00 3
D 4.73 1 E 5.10 1 E 5.29 1
LSD 0.2302 _ 0.3309 0.3837

a : PST procedure using HCL resin with ddw saturated soil
paste preparation.

b : PST procedure using HOH resin with ddw saturated soil
paste preparation.

¢ : PST procedure using HOH resin with 15 mg 171
tetracycline saturated soil paste preparation.

d : Soil-resin contact time of 1, 3, 5, 7, and 135 days.

The fallibility of depending on significance from an

I S
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ANOVA table as a single criterion for ﬁnderstanding
experimental effects was illustrated by the HCL treatmen£
separation of DAY means. The HCL treatment order and
separation of DAY means is not logical, even though the
ANOVA test is significant for the HCL day term. The data
show the expected jump In concentration from time zero to 3
days, but concentration remains static and variable with
additional time. Again, this 1is related to the poor
relative selectivity of the ¢17! resin. The HOH
treatments, in contrast, are normally ordered and totally
separated with respect to time.

The significant interaction term of SOIL by DAY for the
HCL treatment was discounted as unimportant because of the
obviously undependable nature expressed by DAY mean
separation data. The SOIL by DAY interaction is
significant for the HOH and HOHT treatments. This
interaction is the most direct test of RAR (resin
adsorption rate) significance available within the analysis
of variance statistical format. Although the interaction
term is not strong in comparison with the separate term
effects, it does indicate that rate was an important factor
in the system. |

A maxr stepwise linear regression analysis technique
was employed to further compare the treaﬁment differences
and to illuminate possible relationships. The two

dependent variables used for the regression were the mean
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resin concentration, RAQ, and RAR as the beta 6r slope of
the lipear regressidn line of resin‘extréct concentration
(Y) with the log of time in days (X).
The maxr regression'procedure wés restricted to a best

3 independent variable model. The ihdependent variable

~pool included soil physical and chemical measurements,

standard soil test method‘variables for P, K, and S, and
those PST.variables for P, K, and S not directly related to
the dependent variable (for instance HOHP as a dependent
variable would have HOHK and HOHS in the 1ndependent
varlable pool but not HOHP or HOHTP).

The maxr method proceeds on a sampling with replacement
basis to generate a single, then double, then tripie |
variable linear model equation of maximum r-square without
regérd to probability value of the individual vériableé in

a given final eqdation. The HOHT treatment P regression

" illustrates the fact that a 3 variable model can be

developed which has unacceptabiy poor pfobability value
associated with one or more of the terms. An acceptable
probability level of P > F of 0.01 orjlower was adopted and
used to select_the optimally valid model equation in such
cases. As a result, some of the regression model equations
reported had less than three independent variables. All
modei equations reported were significant at the 0.01 P>F
leQel with respect to the overall equation.

The RAQ models for P were not generally strong in
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predictive value (magnitude of r—square) which suggests
weakness in the trend relationships (Table 18).
Table 18. Maxr regression model equations for mean resin

adsorption quantity of P across all days by
treatment on 20 soils.

Dependent Variables: Mean P conCentrat%on of stripping
: solution in mg 17~ across all days.

Dependent

Variable Equation R?Z
HCL® = 8.84 — 2.20%CAEX — 1.03%OM +0.16*MONT .690
HOHP = 35.21 + 0.13%KSAT — 3.54%PH — 0.21*OTHERCLAY  .655
HOHTC= 8.03 — 1.98%CAEX + 0.14*MONT .550

All terms were significant at the 0.01 P>F level.
a : PST procedure using HCL resin with ddw saturated soil
' paste preparation.
b : PST procedure using HOH resin with ddw saturated soil
paste preparation. _
¢ : P3T procedure using HOH resin with 15 mg 11
tetracycline saturated soil paste preparation.
CAEX : Ammonium acetate extractagie Ca in cmol kg
OM : Soil organic matter in g cg ~.
MONT : Montmorilleonitic¢ clay in g g?—l.
KSAT : Saturated extract K inmg 1 -~.
PH : Soil pH 2:1 procedure.
OTHERCLAY : Clay total - vermiculite1 illite and

montmorillonite in g cg ~.

1 .

The HCL P is negaiively related to ammonium acetate
extractable Ca (CAEX) and percent organic matter (OM). The
formation of calcium phosphate minerals is favored in A
alkaline soils where Ca is available for the reaction. "All-
twenty soils were calcareous to some degree, therefore, it
was normal to éee some measure of Ca or carbonate appear in

negative relation to soil mean RAQ P. The contribution of
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the CAEX variable to the equation was far greater than
either the negatively related OM term or the positively
related montmorillonite clay (MONT). |

The negétive OM relation may relate to the fact that
organic matter contributes greatly to the anion exchange
capacity of most soils ;nd is in direct competition with
the anion exchénge.resin as a sink for scluble P. The
appearance of a negatively related OM with a positively
related montmorillonite within the same model for P is not
considered a statistical anomaly because the same relation
is expressed.in part for the HOHT P model (negative Ca
term, positive montmorillonite term) .

The positive relationship of montmorillonite literally
indicates that labile P available for diffusion and fesin
exchange is increased by montmorillonite. The silicate
clays of kaclinite, montmorillonite and illite are known to
"fix" phosphates as a surface reaction between exposed —-OH
groups and HoPO, ions at the mineral surface. Part of the
P bound in this manner is subject to a replacement
reaction, anion exchange, with other anions such as
hydroxyl or chloride. The release of hydroxyl or chloride
by the resin as it adsorbs other anions would necessarily
increase the concentration of hydroxyl or chloride in soil
solution, thereby promoting release of silicate clay bound

phosphate.
The initial binding reaction of the phosphaﬁe to the
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montmorillonite occurs in a pH range of approximately 4.8
to 7.8 (Brady. 1974). Nine of the 20 soils were within
this pH range in their natqral state and 11 .were above this
level. However, the tendency for cation resin to cause
acidification of the soil by free acid reaction and by
emigration of HY from cation adsorption, dictates that the
11 other soils would be subject to these reactions in the
near proximity of the resin where the acidification
occurred. These explanations were not tested directly and
further reseafch, particularly with a number of acidic
soils, would be necessary to define these reactions and the
role they play in resin adsorption qﬁantity or
phytocavailable supply of phosphate.

The positive relation of saturated extract K in the
equation for P by HOH treatment is understood as an
expression of soil solution K acting as an ion pair to P
The negative pH relation is consistent with the reduction
of labile P associated with calcium phosphate precipitation
at higher bH Leveis. The negative relation of OTHERCLAY is
ambiguous due to the.imprecise definition of "OTHERCLAY",
but may be indicative of increased pathway tortuosity due
to increased clay. It should be understood that the poor
r—square exhibited for the SO0IL mean RAQ related equations
negates definitive explanation.

The r-square values for the RAR dependent variable

equations were somewhat stronger than those for the soil
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mean RAQ (Table 19).
Table 19. Maxr regression model equations for resin

adsorption rate P by treatment
on 20 soils.

Dependent variable: Slope of linear regression line of
stripping solution P concentration, Y,
with the log of time, X.

Dependent Equation ' : R2
Variable

HCL® = 1.10 — 0.74*%CAEX ~ 0.03%OP + O.06*MONT .834
HOHP = 12.86 + 0.06*0P — 1.49%PH — 0.40*0M 762
HOHT® = 11.26 - 1.26*PH ' .610

All terms were significant at the 0.01 P>F level.
a : PST procedure using HCL resin with ddw saturated soil
paste preparation.
b : PST procedure using HOH resin with ddw saturated soil
: paste preparation. '
¢ : PST procedure using HOH resin with 15 mg 1—1
tetracycline saturated soil paste preparation.
CAEX : Ammonium acetate extractable Ca in cmol kg~
OP : Sodium bicarbonate extractable P in mg kg~
MONT : Montmorrillonitic clay in g cg -.
PH : Soil pH 2:1 procedure.
OM : Soil organic matter in g cg—l.

1 .

The equation for resin adsorption rate of.HCL exhibited.
the same negative relationship for Ca and positive
relationship for montmorillonite as in the soil mean RAQ
model. The third term, negatively related sodium
bicarbonate extractable P (OP), would literally indicate
that the greater the amount of sodium bicarbonate
extractéble P, the slowerlthe rate of movement to and
adsorption by the resin. The opposite and more acceptable

principle was exhibited by a strong positive relationship
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of OP to the HOH resin adsorption rate. The discrepancy
was probably related to the weak selectivity for P by the

Cl resin.
The equation for HOH P RAR was most strongly based on

the positive relationship with OP and augmented by negative

. relationships with pH and OM. This model would imply that

rate ﬁaé primarily a function of a supply (+ OP) that was
limited by loss to ca&cium phosphate mineral formation (-
pH).aﬁd loss to competitive exchange sites'(— CM) .

The equation for HOHT expressed significant relation to
only one variable, pH. .The negative relation was
attributed again to the increased preéipitation of P by Ca -
as pH increases.

All of the equations ufilized terms in a manner
indicative of a system dominated by'inofganic reactions
regardless of fhe resin treatment. The dominant influence
on both resin adsorption quantity (RAQ) and resin
adsorption rate (RAR) was attributable to the precipitation
of P as calcium phosphate. Secondary influences were

expressed as competition for exchangeable P by organic

" matter and increase of exchangeable P by montmorillonite.

Maxr regressions were also perférmed using fhe standard
soil test variables of Olsen P (OP) and Bray P (BP) as l
dependent variables (Table 20).-

The OP depeﬁdent variable is negativély related to pH.

The pH relation was understandable for the same reasons
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Table 20. Maxr regression model equations for standard
P methods of sodium bicarbonate extraction,
OP, and hydrochloric acid with sodium fluoride
extraction, BP, on 20 soils.

Dependent variable: P concentration in soil in mg kg_i.
-Dependent Equation RZ
Variable

op = 32.86 — 5.82*PH + 0.38%SAND + 1.00*CLAY - .508
BP =

, All terms were significant at the 0.01 P>F level.
PH : Scil pH 2:1 procedure. ‘
SAND : Sand percent in soil in g cg_ 1.
CLAY : Clay percent in soil in g ig
OM : Soil organic matter in g cg
explained in the soil mean RAQ and RAR discussions. The
Olsen P dependent is positively related to both SAND and
CLAY within the model, but in simple correlation OP has a
very weak, negative relation to SAND (r= —.O49).and weak
positive relation to CLAY (r= +.464). The weak r-square
-of the model and contrary direct relations of OP to Sand[
and CLAY suggests that an understanding of the true
relation of SAND and CLAY to Olsen P is not.possible from
these data.

The positive relationshipfof Bray P to percent orgenic

matter may reflect an extraction of P from organic exchange.

sites, or that the acid promoted dissociation of organd~'

phosphate complexes. The latter reaction is not a mode of
extraction specifically'intended by the»Bray method. The
most valid statement with respect to the OP and BP

equations is that they were not sens1t1ve to phosphate

O 54 + 0.34*0OM .458"
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eduilibrium variables in the same manner as PST. There is
a need for further research aimed toward.impfoved
definition of the sources of P extracted by these soil

tests when Montana agricultural soils are used.

Potassium Treatment Responses

The results of the analysis of variance for mean K
concentration by each treatment indicate all factors of the
model had significance except replications (Table 21).

Table 21. The ana1y51s of ‘'variance table for K RAQ by
-treatment on 20 Soils.

Dependent Variable: K concen&ration of stfipping solution |

"in mg 1
HCL® Mean HOHP Mean  HOHT® Mean
Source DF Square Sgquare Square
- REP : 2 60.9 . 54.6 27.6
payd 4 87866 .0%** 22459 .8%* 24753 .5%*
SOIL® 19 15650.3* % 4385,3** 5398.7%*
SOIL*DAY 76 861.0%* . 226 . 3%x* 503.4%*
ERROR 299 113.61 37.1 46.8

* % Denotes 31gn1f1cance at or beyond the 0 .01 level.

a : PST procedure using HCL resin with ddw ‘saturated soil
paste preparation.

"b : PST procedure using HOH resin with ddw saturated soil
paste preparation. :

c : PST procedure using HOH resin with 15 mg 171
tetracycline saturated soil paste preparation.

d : Soil-resin contact time of 1, 3, 5, 7, and 15 days.

e Twenty Montana Agricultural soils.

The term DAY is consistently the strongest factor
across all treatments. The least significant difference T
grouping shows clear sepafation between each day and the

ranked order for day is logical (Table 22).
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Table - 22. T groupings by least significant difference of
" K concentration for days by treatment
on 20 soils.

Dependent Means: K cogientrafion fo-stripping solution in
mg 1 across all soils. Alpha = 0.05.

HCLE | " HOHR HOHTS
T T T _
GROUP MEAN DAYY GROUP MEAN DAY GROUP MEAN DAY
A 130.1 15 A 79.2 15 A 74.8 15
B 99.7 7 B 62.4 7 B 58.9 7
C 83.1 5 c 54.3 5 c 49.2 5
D 61.6 3 D 41.4 3 D 36.7 - 3
E 28.9 -1 E 28.8 1 E 21.9 - 1
LSD 3.8377 , 2.1926 2.4627

a : PST procedure using HCL resin with ddw saturated soil -~

paste preparation. . E
b : PST procedure using HOH resin with ddw saturated soil &

paste preparation. -
c : PST procedure using HOH resin with 15 mg 1_;

tetracycline saturated soil paste preparation.
d : Soil-resin contact time of 1, 3, 5, 7, and 15 days.

"The difference in magnitude between the treatments was
consistent with previous statements regarding the
competitive release of K due to calcium provided from free
acid reaction by the HCL resin bags.

The means fbr the antibiotic treatment (HOHT) were
again lower . than means for HOH. The most plausible
explanation for that difference is the release of
exchangeable K to maintain the charge balance of soil
solution under the influence of increased soil solution
sulfate via mineralization in the anaercobic conditions of

the PST extraction procedure. The average difference

between DAYS for HOH versus HOHT was 4.92 ug/l or HOHT
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concentration was approximately 98.2 percent of the HOH
concentration. The small 1.8 percent difference between
these two treatments suggesté that the inorganic K pool
dominated soil mean RAQ.

The term éf SOIL was also strong for all treatments and
the least significant difference T group separafions
‘supported the préVious statement éf the powers oflPST
towards discrimination between different soils (Table 23).
The ranked order across ali.treatments is identical for the
highest mean (soil 15) and the lowest 4 means (soils 19,
13, 2, and 14). The remaining 15 soil means show more
order rearrangement between the HCL treatment and the HOH
treatment than between HOH and HOHT (see'soiLs 20 and 18 of
Table 23). A valid discussion of causes for individual
soils that appear high in ranked order by one treatment and
low in another would require additional experimentaiion.
The key point is the illustration of the existing treatment
differences from the perspective of the SOIL term. The
general causes are assumed to be identical to those
discussed for the DAY term.

The significant interaction between SOIL and DAY for
all treatments reflects the importance of K RAR in the PST
system, as well as the strength of the single term effects.
This significant interaction was expected, as K has been
shown to be dominantly.supplied to plants by a diffusion

process (Barber, 1962; Skogley, 1973). The fact that RAR
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Table 23. T groupings by least significant différence of
K concentration for scils by treatment on
20 soils.

Dependent Means: K cogientration of stripping solution in
- mg 1 by across all days. Alpha = 0.05.

HCLZ ' HoHP HOHTS
T T _ T S
GROUP MEAN so1lé GROUP MEAN SOIL GROUP MEAN SOIL
A 165.7 15 A 91.9 15 A 90.9 15
B 119.6 3 B 72.0 20 A 86.3 17
C 104.9 8 B 71.7 17 B 68.1 20
DC 99.6 6 - C 65.0 5 CB 63.6 5
DC 99.5 1 C 64.5 1 C 61.0 7
DC 98.8 11 DC 60.8 3 D 55.9 8
D 95.4 17 DE 57.8 11 E 50.7 3
- D 95.3 9 DE 57.3 18 E 50.5 - 1
D 92.8 20 DE 57.3 16 E 49.3 11
E 81.6 4 'FE 55.9 7 E 49.1 18
E 79.2 10 FE 55.3 8 FE 47.2 6
E 77.3 5 FE 55.3 6 FG 43.0 9
F 67.9 12 FE 52.1 10 ‘G- 40.1 12
F 67.5 18 G 50.3 12 HG 39.3 10
F 67.0 .7 G 47 .7 9 HI 34.8 16
G 49.5 16 H 40 .4 4 I 32.8 4
HG 44.2 19 I 30.0 19 JI 31.8 19
HI 38.5 2 I 29.3 13 JK 27.9 13
HI 37.8 13 I 28.5 2 K 26.1 2
I 31.5 14 J 21.0 14 L " 17.7 14
LSD 7.6753 . 4.3853 ' 4.9255

"~ a : PST procedure using HCL resin with ddw saturated soil
paste preparation. ‘

b : PST procedure using HOH resin with ddw saturated soil

" paste preparation. '

¢ : PST procedure using HOH resin with 15 mg 171
tetracycline saturated soil paste preparation.

d : Soil number, taxonomic name listed in Appendix Table

' 69. - ' ' :

in this test was significant implies that the hypothesis of
PST sensitivity to the diffusion rate process is correct.

The reliability,‘r—square magnitude, exhibited by the

" maxr regression generated models for K RAQ were generally

i
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much stronger than those previously presented for P (Table

24) .

Table 24. Maxr regression model equations for mean resin
adsorption quantity of K across all days by
treatment on 20 soils.

Dependent Variables: Mean K concentration of stripping
solution in mg 1 across all days.

Dependent Equation R2
Variable

HCL® = 4.76 + 2.31*KSAT + 12.95KNEX - 5.87*CAEX: .916
HOHP = 0.85 + 66.03*PARSAT + 16.10*%KEX + 0.12*N .925

HOHTC_= 2.07 + 1.75%KSAT - 0.08*CASAT + 10.83*KEX .928
All terms were significant at the 0.01 P>F level.

a : PST procedure using HCL resin w1th ddw saturated soil
paste preparation.

b : PST procedure using HOH resin with ddw saturated soil
paste preparation.

¢ : PST procedure using HOH resin with 15 mg 1 -1
tetracycline saturated soil pas%e preparation.

KSAT : Saturated extract K inmg 1 -.

KNEX : Sodium tetraphenyl boron extractable K in cTol kg~

CAEX : Ammonium acetate extractable Ca in cmol kg

PARSAT : Potassium adsorption ratio of saturatfd extract

KEX : Ammonium acetate extractable K in mg kg.

N : Soil c?lc1um hydroxide extractable nitrate— nltrogen in

mg kg

1 .

"CASAT Satdrated extract CA in mg 1 l

The HCL K is positively related to the K concentration

of soil solution (KSAT) and nonexchangeable K (KNEX) of the

.mineral soil. These two K fractions are in equilibrium

with each other in the natural state of soil and both serve
as sources of phytoavailable K. Their positive relation to
soil mean RAQ simply stated that the higher the overall K

equilibrium, the higher the concentration of soil solution
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K available for diffusion to the resinE

The negative relation of ammonium acetate exéhangeable
Ca (CAEX) wés consistent with fhe prior two variabies
because the cation concentration in soil solution will be
in'equflibrium with exchangeable and nonekchangéable
sources,A The Ca measured by ammonium acetate represents
both the exchangeable and the carbonate sources. Soil
solution Ca will increase as a resﬁlt of a larger ammonium
acetate Ca supply. Thefefore, the model illustrates that
the concentration of K in solutiqn avéflable for diffusion
to the resin was depressed by.the influence of a higher
equilibrium concentration of calcium and conversely
enhanced by the influence bf-an increasing equilibrium .
concentration of K.

The model for HOH K exhibits siﬁilartequilibriﬁm
relationships. Tﬁe K adsorption ratio for soil soldtion
(PARSAT) 'reflects the equilibrium status 6f soil solutién K
and again shows that the quantity 6f K in the reéin Was a
result of the equilibrium status of K with incluéibn of the
influence by Ca. This solution-solid phase equiiibrié
relationship is sﬁpported in the equation, again, by
inclusion 6f another K equilibrium status indicator, KEX,
ammonium acetate exéhangeable K. |

The pééitive influence of nitrogen on th¢ equapion
could be accounted for by eifher a charge balancé

relationship with K in soil solution, or release of K from
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organic sources as ﬁitrogeﬁ exists in greater supply for
promotion of mineralization. The former explanation was
nonexclusively favored because of agreement with the RAR
models yet to be discussed.

The model for HOHT also placed importance on the
.solution concentration of K (KSAT) with support from
contributing equilibrium sources of Ca (CASAT,
negative influence) and exchangeable‘K (KEX, positi?e
influence). The explanations présented for HCL and HOH
previously are pertinent to this model as well.

The relationshipé exhibited by the RAR models for K are
somewhat weaker than the soil ﬁedh RAQ modelé and fewer
variables met the criteria of siénificanée KTabie 25).

The K resin adsorption rate by the HCL treatment is
positively related to the sclution K adsdrptién_ratio
(PARSAT) and negétively related to calcium carbonate
(CACO3) . The non-solution K equilibrium indicators sucﬁ as
non—exchangeable K or exchangeable K did not contributé to
the model. This suggestshthe diffusion rate of K to the
resin is somewhat independent of soil mean RAQ aﬁd |
" reasonably Well'relatéd to claséic intensity principlés.
The negatively related CACO3 appears only in this HCL
treatment model for rate, while no other Ca related
variable appears in.the other rate models. Siﬁce the.HCL,l.
resin causes an acid bése reaction in the soil, the release

of Ca from dissolved calcium carbonate may slow the rate of
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Table 25. Maxr regression model equations for resin
adsorption rate of K across all days by
treatment on 20 soils.

Dependent variable: Slope of linear regression line of

stripping solution K concentration, Y,
with the log of time, X.

Dependent © Equation _ . R2
Variable :

HCL? = 15.85 + 64.10*PARSAT — 2.65*CACO3 .772
HOHb = 7.14 + 31.02*PARSAT - 1.19*3 + 0.08*N ©.901
HOHT® = -4.76 + 53. 26*PARSAT + 0.07*N ‘ - .782

All terms were 51gn1f1cant at the 0.01 P>F level.

a : PST procedure using HCL resin with ddw saturated soil
paste preparation.

b : PST procedure using HOH resin with ddw saturated 3011.
paste preparation.

¢ : PST procedure using HOH resin with 15 mg 1 -1
tetracycline saturated soil paste preparation.

PARSAT : Potassium adsorption ratioc of saturated extr?ct

CACO3 : HCL reactable so0il calcium carbonate in g.cg

S : Acid ammonium acetate extractable S in mg kg =1

N : Soil CT101um hydroxide extractable nitrate-— nltrogen in

mg kg
adsorption of K on the reéih by both competitive
selectivity for the resin exchange and repulsion of the
like charged K in the neaf proximity of the resin where the
acid base reaction takes place. This possibility is
‘consistent with the fact that the only solid phase Ca
variable utilized iﬁ the soil mean RAQ eﬁuations appeared
in the HCL model, while all other variables were'derived
directly from soil solution analyses.

The adsorption rate for the HOH and HOHT treatments
weré identically influenced by the positively related

PARSAT. The consistent appearance of PARSAT in each RAR
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model indicates rate is primarily a soiution K—éa
equilibriuﬁ function, while soil mean RAQ includes solid
phase equilibria influences. |

The inclﬁsion of the positively related nitrogen (N)
variable in both the HOH and the antibiotic HOHT rate |
" models provides évidenge that the influence of nitrogen on
K supply and rate is not primarily biologically derived.
The relationship ié considered as evidence of ion pairing
of nitrogen and K in soil s&lution.

‘The negative relation of S to HOH rate for K probably
relates to the fact that solution S will react with Ca to
form a solid, gypsum. Calcium should be released from 3911 ‘
exchange sites undér'the influence éf the grédient
established by the depletion of solution S through‘gypsum
formqtioh;. Depletion of exchangeable calcium dampens the
release of K to séii solutidn from the soil exXchange
complex. The rate of K movement to the resin is élso likely
to be feduéedlby the inéreased péthWay tortudsity from mdre
diffuse double layers as a result of less Ca saturation of
the sbil cation exchaﬁge complex. |

A broad viéw of the RAR and socil mean RAQ K
relationships reveal that the increase of soil Ca in the
system was coﬁSistehtly detriﬁental to_both:quantity and
.rate of resin adsorbtion K. Thié influence is counter
balanced by K's own equilibrium between solid and solution

phases. All of the relationships expressed by the models-
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indicate that soil mean RAQ and RAR were dominated by
inorganic processes.

The maxr regression of the standard soil test for
ammonium acetate extractable K shows a positive
relationship to both soil cation exchange capacity (CEC)
and HOH treatment mean quantify of K (HOHK), (Table 26).
Table 26. Maxr regression model equation for the standard

K method of Normal ammonium acetate extractable
K on 20 soils. :

Dependent Variable: SoilhaTmonium acetate extractable K in

mg kg ~.
Dependent Equation R2
Variable
K = -21.42 - 6.35*OTHERCLAY + 14.06*CEC + 7.75%HOHK .941

All terms were significant at the 0.01 P>F level.
OTHERCLAY : Clay total - vermiculite,_ illite and
montmorrilionite in g cg .
CEC : Soil cation exchange capacity in cmol kg_l.
HOHK : PST procedure soil mean RAQ stripping solution
concentration of K across all days inmg 1™ -.

The HOH relation suggests the PST method is more
relevant to the standard assay than the other equilibrium K

tests available in the independent variable pool. The

former models illustrate the fact that PST was a sensitive

assay of K dynamics because of its relation to several

important direct and indifect measures of the K
equilibrium. The lack of relation of ammonium acetate K to
other K fraction variables indicates that it is a rather
strictly independent test of soil K whiéh only-infers

sensitivity to K equilibria through the final entered term
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of HOHK.

The positive relationship to CEC Qas expected because
the standard method chemistry is a mass action displacement
of exchangeable soil ions which means, normally, a higher
CEC soil naturally yields a greater amount of K in the
extract solution. The negative relation to the ambiguous
term of OTHERCLAY cannot be interpréted beyond the
statement that the sum of the types of clays not analyzed
directly was actually‘the most important component related
to the index of available K by ammonium acetate. The
critical importance‘of the most ill-defined wvariable
available in the independent pool suggests that the strong
r—-square of the ammonium acetate extractable K model was

built from a very weak foundation.

Sulfur Treatment Responses

The results of the analysis 6f variance for mean S
concentration, RAQ, by each treatment indicate that all
factors of the mﬁdel have significant effect except
replications (Table 27). |

The effect of the single term DAY is the strongest
factor for the HCL treatment, while the effect of the SOIL

term was the greatest single factor in the HOH and HOHT

treatments.
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Table 27. The analysis of variance table for S RAQ
by Treatment on 20 Soils.

Dependent Variable: S concehfration of stripping solution .
' in mg 17+,

C HCL® Mean HOHb Mean HOHT® Mean
Source " DF Square Square Square

REP 2 0.3 1.1 0.7

DAY .o 4 228.0%% - 70.1%% 43, 1%
SOIL® 19 188 .7 %% 178 .7 %% - 168.1%x
SOIL*DAY 76 .13, 1%% 3.2%% 3.8%x
ERROR 299 0.81 0.42 0.54

** Denotes significance at or beyond the 0.01 level.

a : PST procedure using HCL resin with ddw saturated soil
paste preparation.

b :.PST procedure using HOH resin with ddw saturated. soil

paste preparation. S 1 .
¢ : PST procedure using HOH resin with 15 mg 1~

tetracycline saturated soil paste preparation. s
d : Soil-resin contact time of 1, 3, 5, 7, and 15 days.

e Twenty Montana Agricultural soils. '

The leést significant difference T grodping shows clear
separation between each day, and the ranked order for DAY
means 1is normal (Table 28).

All tfeétmenﬁs means show a relatively similar S
concentration at day 1 but the HCL-surpassed the othef
treatments in terms of concenfration rise for each
subsequent day. This steady increase exceeds the least
significant difference value by a consistently wide margin
and thereby accounts for the greater strength of the DAY
term displayed for the HCL treatment in_thé analysis of
variance table.

The HOH treatment shows a smaller but significant and

consistent increase in concentration by day. The HOHT
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Table 28. T groupings by least significant difference of
S concentration for days by treatment
on 20 soils.

Dependent Means: S cogientration of stripping solution in
mg 1 across all soils.

Alpha = 0.05.

HCL2 ' HOHB HOHTS
T 4 T T
GROUP MEAN DAYS GROUP WMEAN DAY GROUP MEAN DAY
A 7.27 15 A 4.78 15 A 3.89 15
B 5.54 7 B 4.24 7 A 3.80 7
C 4.74 5 c 3.90 5 B 3.48 5
D 3.71 3 D 3.21 3 c 2.89 3
E 2.07 1 E 1.98 1 D 1.83 1
LSD 0.3231 0.2341 0.2640

a : PST procedure using HCL resin with ddw saturated soil
paste preparation. i
b : PST procedure using HOH resin with ddw saturated soil
paste preparation. 1
¢ : PST procedure using HOH resin with 15 mg 1~
tetracycline saturated soil paste preparation.
d : Soil-resin contact time of 1, 3, 5, 7, and 15 days.
treatment data show continuous increase, which diminished
with time until the final two points (Day 7 and Day 15) do
not significantly differ from each other. This contrast
gives rise to the possibility that the ino%ganic supply of
S is somewhat limited, and mineralization is a critical
intensity component. The much higher concentrations for
the HCL versus both HOH resin treatments supports the
previously identified phenomenon of sulfate release under
the influence of increased soil solution chloride

concentration increase.

The single term effect of SOIL is strong and
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practically equal across all treatments (Table 29).

Table 29. T groupings by leaet significant difference of
© S concentration for 50115 by treatment
on 20 soils.

Dependent MeansE S conientration of sfripbing solution in

mg 1 ‘across all days by treatment.
_Alpha = 0.05. ‘ :
HCL2 HOHR HOHTE
T T , T '
GROUP MEAN SOILg GROUP MEAN SOIL GROUP MEAN SOIL
A 12.33 ‘9 A 15.47 19 A 15.37 19
B 11.06 19 B 8.61 20 B 8.00 20
C 10.39 15 C 8.07 12 C 5.92 12
D 9.54 8 D 4.30 3 D 3.37 -3
E 7.43 12 . ED 3.93 . 7 D 3.23 9~
F 6.06 16 . EF 3.82 9 - D 3.21 7
G 5.30 20 F 3.37 17 ED 2.92 17
H 3.95 3 G . 2.76 15 EF 2.59 15 .
I 3.22 17 H- 2.28 6 - GF 2.19 5
I 3.14 6 - IH 2.25 13 GF -2.15 6
JI 2.62 " 7 -JIH 2.24 14 G 2.03 13
JI 2.58 1 . KJIH 1.99 10 GH 1.94 18
J 2.47 14 KJTIH 1.99 5 GH 1.81 14
J 2.36 10 KJIH 1.99 16 " IGH 1.70 4
JK 2.31 11 KJIH 1.99 18 JI H 1.46 2
JKL 2.11 4 KJI 1.81 4 JI H 1.42 10
KL 1.69 13 KJ 1.78 8 ~ Jr - 1.25 8
L 1.65 5 K L 1.68 2 J 1.08 1
L 1.64 2 ML 1.28 11 J 0.95 16
L 1.50 18 M | 0.83 1 J 0.94 11
LSD 0.6463 - 0.4682 ) 0.5279

a : PST procedure using HCL re51n with ddw saturated soil
paste preparat1on

b : PST procedure using HOH resin with ddw saturated 5011

. paste preparatlon

¢ : PST procedure using HOH resin w1th 15 mg 1L -1

- tetracycline saturated soil paste preparation.

d : Soil number, taxonomic name listed in Appendix Table

69. -

This egain implies that the PST system is sensitive to.

individuai soils. Although this statement is valid, there

L
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is a distinct difference betweeh this element and P and
K statistiés of a similar nature.

There is a clear delineation of individual soil means
in the upper third of the concentration range, but the
separations in the lowest third are poor across all
treathenté. There is nb reason to suspect that this was
due to anything more than the inherent range in S for these
twenty soils.

There is dramatic switching in soil mean ranked 6rder
between the HCL treatment and the HOH treatment (éeé soils
9, 15, 8, 16, and 1). The switching between rankings for
HOH and HOHT soils was nominal, which points out a
difference between HCL resin influence on soil versus the
HOH resin. The reiative affinity of each anion resin tyée
toward sulfate would strongly favor the OH™ charged resin
(rétio of sulfate affinity to hydroxyl = 85) over the CL™
charged resin (ratio of sulfate affinity to chloride ='3.9)
yet the cqncentrations indiéate the opposite (Table 14).
This supports the possibilit? that the release by chloride
is ‘substantial enough to ovefride the seléétivity advantage
of the OH  resin.

Lower mean values for the HOHT treatment versus the
HOH treatment were foundnin all soils except for soils §
and 1. The actual differences for those soils are half of
the concentration value derived for the least signifjcant

difference criteria statistically generated for either
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treatment and therefore considered insignificant.

The maxr regression models generated for RAQ S were
much more reliable for the HOH resin treatments than for
the HCL resin treatment (Table 30). The fact that the
Table 30. Maxr regression model equations for mean resin

adsorption quantity of S across all days
by treatment on 20 soils.

Dependenf Variables: Mean S concentration of stripping
solution in mg 1 ’

Dependeﬁt Equation _ | R
Variable

HCL? = ~5.547 + 0.04*CASAT + 1.57*KNEX N _ .690
HOHP = 1.32 - 0.95*CAEX + 1.25%8 .923
HOHT® = 0.92 — 0.84*CAEX + 1. 18*5 | .904

All terms were 31gn1f1cant at the O 01 P>F level.

a : PST procedure using HCL resin with ddw saturated soil
paste preparatlon

b : PST procedure using HOH resin with ddw saturated soil
paste preparation.

¢ : PST procedure using HOH resin with 15 mg 1_1
tetracycline saturated soil paste, preparation.

CASAT : Saturated extract CA in mg 171

KNEX : Sodium tetraphenyl boron extractable K in cTol kg™

CAEX : Ammonium acetate extractable Ca in cmol kg

S : Acid ammonium acetate extractable S in mg kg =1

1 .

first entered variable of soil solution calcium (CASAT)
was'positively related to RAQ S by HCL treatment indicates
é probability of calcium-sulfate ion pairs present in soil
solution and thereby available for substitution by
chloride. The positive relation of nonexchangeable K
(KNEX) may be explained by the fact that in any pH range,

less sulfate adsorption occurs on clay when the presence of
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K on the clay surface increases. A higher'nonexchangeable’

K concentration would be somewhat indicative of a higher
overall exchange saturation by potassium. Under'high K'
saturation conditiohs'sulfate would be more likely-to exist
in soluble‘salt Or organic complex forms away from the
sources of cation exchange. This possible relationship is
suggestgd by these trends, but fhe data are not strongly
definitive éf this process. Specific research including
fractionél assay. of soil S would better define this
possibility._ |

Although th&s explanation may relate well to-the HCL:
treatment, it is‘not evident in the much stronger two-
variable models for HOH and HOHT. An alternative |

hypothesis would be that nonexchangeable K is indicative of

the relative net negative character of the system. The

positive relation of both terms in the model implies that

higher nonexchangeable K occurs coincidentally with higher
Ca in solution. The chloride substitution reaction would
release sulfate intoc a strongly net negative ciay systém
" that would offer the ieést resistaﬁce in terms of pathway
tortuosity. Either or both mechanisms could be involved, .
but further clarifiéétion was not possible from this data.
base. |

The HOH and HOHT equations-are identiéal to each other
showing negative relation to exchangeable Ca (CAEX) and

positive relation to acidic ammonium acetate extractable S.
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This was viewed as an expression of positive response of
soil me;n RAQ to a greéter supply of S in concert with a
reductiéﬁ of S supply by gypsum formation.
The RAR equétions for HCL and HOH are near mimics of
their associated soil mean RAQ equations (Table 31). The
Table 31. Maxr régression model equations for resin

adsorption rate of S across all daYs by
‘treatment on 20 soils.

Dependent variable: Siope of linear regression line of.
stripping solution K concentration, Y,
with the log of time, X.

Dependent Equation ' 7 R2
Variable ' ' _ =
HCL® = -1.87 +0.02*¥CASAT + 0.04*KNEX .761é£
HOHb = 0.68 — 0.36*CAEX + 0.34*S . —.91é
HOHT® = —-0.40 + 7.11*NAEX + 0.06*HOHP .610

All terms were significant at the 0.01 P>F level.

a : PST procedure using HCL resin with ddw saturated soil
"paste preparation.

b : PST procedure using HOH resin with ddw saturated soil
paste preparation. ’

¢ : P3T procedure using HOH resin with 15 mg 1—l
tetracycline saturated soil -paste, preparation.

CASAT : Saturated extract CA in mg 1717

KNEX : Sodium tetraphenyl boron extractable K in cTol kg

CAEX : Ammonium acetate extractable Ca in cmol kg,

S : Acid ammonium acetate extractable S .in mg kg 1

NAEX : Ammonium acetate extractable Na in cmol kg~

" HOHP : PST HOH resin treatment procedure mean, scil P

concentration across all days in mg 1—1.

1 -

only discernible difference from these comparisons is the
numerical corrective cofactors for each RAR variable were
smaller than for RAQ. This suggests the natural fit of the

rate data was better than soil mean RAQ. This does not
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necessarily imply any greater va11d1ty on behalf of the RAR-

equatlons

The distinctly différent relationship expressed for ‘
HOHT rate versus HOHT duantity is difficult to explain.

The positive relation Qf exchangeable Na (NAEX) to RAR S
.may indicate co—diffusion of sulfate with Na present in

soil solution. This possibility is‘qﬁestionable 5ecause
all of the soils have minimal concentrations of
exchangeable Na. |

The positive relationship of HOHP in the model would
indicate that soils not under the influence of microbigl
activity express the inorgaﬁic processes in a much‘stronger

‘manner. Here, the normally elusive principle of pathway

tortu051ty is 111um1nated by the p031t1ve relation of HOHP
to HOHT S. Any soil-providing a stronger net negative
pathway would énhance anion diffuéion for both the P and
S anion.

The maﬁr regfession equaﬁion for the standard acid
ammoniﬁm acetate extractable S brocedufe consists o¢of a
positive relation of the dependent to both pH and EC (Table
32). - |

The pH term'relafes to ayailabie S quanfity existing:n
as gypsum, which éhould occur in greater quantities as pH
rises due to the coincident rise in éVailable Ca. The
positive relétionship EC is due to the fact that sulfate

commonly occurs as an anion in soluble soil salts. It is
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Table 32. Maxr regression model equations for the standard
. 8 method of acid ammonium acetate
extractable S on 20 soils.

Dependent Variable: S concentration of soil in mg kg_l.

Dependent ‘ Equation R
Variable - '

S = 0.02 + 0.86*%PH + 18.54*EC .844

All terms were significant at the 0.01 P>F level.
PH : Soil pH from 2:1 extraction.
EC : Soil elegirical conductivity in saturated paste in

mmhos cm '

then expected that sulfate abundance increases in harmony
with increasing soluble salts. All of the soluble salts of
the soil would be readily leachable by the extraction
process of the standard method.

Although the explanation of this model is a relatively
straight forward argument based on sulfate abundance in the
system, the underlying importance of the model is the fact
that it is not directly similar to any of the PST models.

The PST system is definitely sensitive to a different

expression of soil‘S equilibria than the standard method.

Conclusions

The results from the three resin treatments studied in
this experiment were significantlyAdifferenf froﬁ each
other with respect to each element.

The antibiotic treatment, HOHT, was significantly
lower in RAQ for each element, supporting the hypothesis

that microbiclogical activity did contribute to RAQ.
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‘The dominant'influence on RAQ'for each element was the
inorganic equilibrium which consistently depended on the
dynamics of Ca in conjunction with quantity and intensity
of tﬁe elemeht under»consideration.‘ | |

The acidifying actioﬁ, chloride substiﬁution activity,
and relative exchange selectivity of £he HCL treaﬁméht'
causéd profoﬁnd effects on ﬁAQ and RAR. The HCL treatmeht
resin did not act as a passive exchangeable ion sink.

The PST.method was more sensitive to the broad range

of quantity and inﬁensity related principles than the

standard soil tests.
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CONTROLLED ENVIRONMENT EXPERIMENTS

Fertilizer rate response experiments were conducted to
develop a data base suitable for determiﬁing therprédiétive
value of the PST method and the standard soil test
procedureé._ The objectives wefe to directly compare PST
with standard tests for prediction of P, K, and 8§
phytocavailability and to.describe each method's relation t§ .

phytoavailability.

Materials and Methods

The first eXpefimént, "Greenhouse K" was conducted in
a greenﬁouse bay of the Montana State Uhiversity Plant
’Growth Center. 1Inh this experiment 10 treaﬁmenté-were
Himposed,with 4 réplications on the 20 soils. Other nﬁtfient‘
variables were included, but only the K treatment results
were used for this study. Treatments were randomized
within blocks, forming 4 sections along the length oflthei
greenhouse bench. | |

The Sfinch squére, 500 ml pots used~in the study were
filled with 750 g of soil. The treatmentsiwere applied aé
a single 50 ml solution aiiquot'per pot, prior to seeding.
The treatment rates were calculated as actual elemental K
with respect to the mineral scil weight per pot. The 5 K

1

treatments were O, 100, 200, 400, and 800 kg ha * actual K
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in the.form of'dissolved reagent grade KCl. ‘The treatment
solutioﬁs were amended Qith appropriate'congéntrations of
reagent grade ammonium nitrate, phosphoric acid and calcium
sulfate to form a blanket treatment of 100 kg ha ! N, 50
kg ha !l P and 30 kg ha~! 5. Subsequent 100 kg ha"i N
applications were applied throughoﬁt the growing period as
needed. Pesticides were applied to control aphid
iﬁfestations as needed.

Each pot was seeded with 25 spring wheat (Triticum
aestivum L. év. Pondera) seeds. The seeds were Barely
inserted into the séil then covered by smoothing the soil

surface. The soil was then moistened with ddw to. promote

_.gefmination. The seedlings were thinned td 17 per pot

after emergence. Water.was applied as 50 m! aliquot
surface—applications of'ddw thfoughout the growth period as
needed.

| The entire above ground portioh of the plants pér pot
was hafvested, and a popﬁlation count per pot was taken .
when 85 % of the plants completed the headjng growth stage.
The plant méterial was dried at 35 ©C, weighed to obtain
dry matter yieid, and fhén grdund for the chemical analyses
as previously described. |

Later experiments were conducted in a growtﬁ chamber

of the same faciiity. These separate experiments were
desigﬁed to test rate response to K (Growth-R@om K

Experiment), P (Growth Room P Experiment), and S (Growth
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Room S Experiment). Each experiment had 5 treatments and 4
replications on 7 soils. |

The soils for each experiment were selected from the
20 soils on the basis of the broadest‘available range in
standard soil test results applicable to the experiment.
The Bray P test was uséd for selection on the P experiment.
The soils chosen reflected an evenly distributed range from
low to high standard soil test levels. This selection
method biased each experiment toward an optimal corrélation
of the standard soil test with the response parameters.

The bias causes the correlative relations of PST to be more.
conservatively tested than the'standérd methods.

The soils for each experiment were diluted 1:1 by
weight with coarse silica sand and mixed in bulk in a clean
cement mixer. Each pot was filled with 650 g of soil
mixture and amendéd by treatmént‘prior to seeding.

The treatment concentrations were calculated on the
basis of actual mineral soii wéight rather than onAthe'
mixture weight. The 5 treatments.were added as single 50
ml solution aliquots of 0, 50, 100, 200, and 400 kg ha~l
K as dissolved reagent grade KC1 (growth room K
experiment); 0, 10, 20, 40, and 80 kg ha™l P as diluted
reagent grade phbsphoric acid (growth room P experiment);
and 0, 15, 30, 60, and 120 kg ha !l s as dissolved reagent
grade calcium sulfate (growth room S experiment). The

solutions were adjusted in the same manner as the
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greenhouse experiment td deliver appropriate blanket
treatments of 100 kg ha™! actual N, 20 kg ha™! actual P,
and 30 kg ha™! actual S. Subsequent 100 kg ha~! N
applications were applied throughout thé growing period as
needed. | .
All pots were seeded by placing 25 épring wheat

(Triticum aestivum L. cv. Pondera) seeds on the soil

surface. The surfac¢ was then covered by»smoothing 100 g
of pure coarse silica sand over the seeds. The pots were
placed in a large tray thét held all the randomized pots of
one replication for one experiment. Watering was done by
adding ddw to the tray, which allowed water to move from
the bottom of the pots to the top under the influence of
capillarity and‘hydraulic head.A Water was allowed to stand
" in the tray until the sand surface was moist and then the
tray was drained. Water was delivered throughout the
growth period in this manner as needed. Pesticides wefe‘
applied for aphid control as needed.

"The plants were thinned to approximately 15 plants per
pot after emergence. Plants were harvested and stand
counts taken when 80 % of the population had'completed the
heading stage. The plant samples were handled in the same
manner as per the greenhouse experiment.

The dependent variables used for these experiments
included dry weight, percent P, K, or S and total

milligrams of P, K or S (uptake). ©Simple linear regression
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analyses were used to compare the trueness of prediction of
standard soil test method reéults and RAQ terms for HOH, |
HOHT, and HCL PST methods. The check plot data, O
treatment, was used as the dependent variable in all linear
regression analyseé,‘ |

In the 5 growth room experiment an édditipnal RAQ
variable called MINS was developed. This variable was
generated by simple subtfaction of-HOHTS from HOHS. The
MINS variable fepresents ﬁinéralized 5 -supply in the given

soil.

Results and Discussion

Greenhouse K Experiment Results

The initial watering of thg pots after seeding caused
the soil surface to crust which prevented seedling
emergence on some soils. The greenhouse bay was found to
have a'severe.temperature and air movement. gradient which
influenced plant growﬁh. The leaf tips'of all plants
showéd.signs of desiccation after the first fourteen days
of growth. This was probably caﬁsed by the turbulent air
circulation éystem of the greenhouse'bay and the low
humidity of the circulating air. Three soils wereldropped
from‘the 20 soil data set of the expérimént because they
had sévéreiseedling emergence problems; |

Thg effect of the adverse growth cohditions was’

particularly expressed in the data pertaining to
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replications and dry matter yield (Table 33). The

Table 33. The analysis of variance table for greenhouse K
. experiment on 17 soils.

Dependent Variables: Dry weight per pot.in g, K uptake per
. pot in mg and K percent per pot

in g cg

, G/Pot? K UptakeP K Pct€
Source DF . Mean Sqg. Mean Sqg. Mean Sq.
REP : 3 4.04x%% 16900.0%* 9.36%x
TRTY 4 0.68 6750 . 0% * 6.06%*
S0IL® 16 1.59%x 6514 .0%x 1.89%x*
TRT*SOIL . 64 0.13 361.3 0.20%*

Error 252 0.205 381.5 0.088

*% Denotes significance at or beyond the. 0.01 level.

a Dry weight yield per pot in g.

b : K uptake per pot in mg.

C K percent per pot in g cg 1.

d Fertilizer additions of 0, or 100, or 200, or 400, or
800 kg ha -1 per pot.

e

Seventeen Montana agricultural soils.

replication results of the ANOVA table show significance
across all dependent variables. The significance of the,
replication data was attribhted‘to greenhéuse gradient
effect because the.replications were not randomized and
were physically alignea in parallel with the gradient. The
dry matter yield was'not significantly affected by the
treatments.

There was a significant treatment effect for the
dependent variables of miiligrams of K uptake per bot and
percent K. The treatment means were separated by tha LSD
statisticallprocedure to aide in defining tne significance

of the treatment effect (Table 34). The ranked order of
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Table 34. T groupings by least significant difference for
the greenhouse. experiment treatments for K by
response variables. Alpha = 0.05.

Dependent Means: Dry weight per pdt in g, K uptake per

pot in mg, and K percent per pot in g cg_1
across 17 soils.
Dry Wt. g=L’ - K Uptake mg—% K %
T T , T
GROUP MEAN TRT2 GROUP MEAN TRT GROUP MEAN TRT
A 3.59 200 A 137.8 . 0 A 3.59 0
AB 3.66 400 A 140.6 100 B 3.78 100
ABC 3.74 800 A 143.6 200 C 3.91 200
BC 3.80 100 B 151.1 400 D 4.14 400
C 3.84 0 C  162.6 800 E 4.35 800
LSD 0.1530 _ 6.597 0.1004

1 Treatment units are kg ha"1.

dry weight means is not normal with respect to increasingx°h

' application rates of K. The K uptake and percent K
~treatment mean ranked order is normal with respect to
applied K rates. The K uptake means are not differeht in
the 0 to 200 kg ha 1l rate range. |

The K percent means are clearly separated over the
Qntire range of treatments. The highly significant data
for K percent shows the strongest response relation to
treatments of all the dependent variables. Percent K is
not correlated with dry matter (r= +.09).

The SOIL term of the ANOVA table is significantly
.related to all dependent variables. The soil means were
separated by the LSD prbcedure to elucidate the significant
relationship (Table 355.

Both the dry weight and uptake soil means are
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Table 35 T grouplngs by least significant difference for
"+ the greenhouse experiment soils for K by
response variables. Alpha = 0.05.

Dependent Means: Dry weight per pot in g, K uptake per

pot in mg, and K percent per pot in g cg—l
across all treatments.
Ly e, g=t K Uptake mg=t K %
T T
GROUP MEAN SOIL? GROUP MEAN SOIL GROUP MEAN SOIL
A 3.24 12 A 109.1 14 A 3.27 14
AB 3.30 6 AB 120.8 9 B 3.54 9
ABC 3.34 14 - BC 131.9 12 B 3.59 16
ABC 3.42 9 C 133.0 6 CB 3.72 7.
BCD 3.55 10 C 133.9 10 - C 3.79 ‘10
BCD 3.57 18 DC 138.0 16 CD 3.83 13
E CD 3.62 4 . DEC 141.4 18 CDE 3.89. 11
EF D '3.76 15 DE 146.2 4 DEF 3.97 2 .
. EFGD 3.81 3 EF 151.7 11 - DEF 3.99 18
EFGD 3.81 16 EF 151.7 7 G EF 4.03 6 .
EFG H 3.85 2 EF -152.9 2 G EF 4.05- 4 =
EFGH 3.89 17 EF 153.2 13 GH F. 4.10 12+ °°
FG.H 3.91 11 G F 160.7 15 GHI 4.19 5
FGH 4.01 13 GHF 161.5 3 HIJ 4.26 1.
GH 4.05 5 GH 169.7 5 HIJ 4.27 3
GH 4.07 1 GH 172.9 1 IJ 4.30 15
H 4.11 7 H 173.1 17 : J 4.43 17
LSD 0.2822 12.16 0.1852

i

a : So0il numbers, taxonomic soil names are listed in
Appendix Table 69.
separated into 8 ovefall T groups, while K percent is
separated into 10 T groups. The T group delineation is
more distinct in the high range of the K uptake and percenf
K meaﬁé than the high range of the dry weight means.
However, the overall strength of the percent K depgndent
variable is npt as well.expressed by the soil mean
separation.

The significant soil by treatment interaction for the
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percent K dependent variable is linked to relatively
contrasting responses shown by individual soils. This
point is evident in the ranked order of soil number 14
“across each dependent variable, versus order’ position shown
by soil number 12. Soil 12 is loﬁ in dry matter yield, low
in K uptake, but quiﬁe high in K éercent. Tﬁe quantity of
K_obtained by the plants grown in soil number 12 was not
efficiently translated into biomass and thus the high
concentration value. Soil 14 is consistently ranked iow
among the 17 soils for each dependent variable. The plants
grown in soil number 14 were efficient in translating
obtained K into biohass.

Soil 12 readily prévided K to the plant but growth was
limited by undefined outside factors. Soil i4 did not
provide.K adequately to the plants-and K nutrition was the
most limiting growth factor.

These contrary relationships of limiting factors
pertain to the weak but significant SOIL by TRT two way
interaction listed in the ANCOVA ;able. Lack of consistency
in treatment .response was éxpected because the soils were

all high in extractable K to start with.

Greenhouse K Soil Test Relationships -

Single variable linear regression equations were
derived for the standard soil test method of ammonium -
acetate K and the PST extraction methods of HOH, HOHT, and

HCL. The dependent variables were the means for each soil
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of plant K percent at 0 kg ha™! K treatment ratevand the
plant K uptake per pot at the 0 kg ha !l K treatment rate.
This format was considered appropriate because the
foundation of an aceurate soil'test:method is the power te
index the phytoavailable K supply prior to amenament of the
soil with fertilizer. ‘The dry weight yield data were too
erratic to warrant consideration by this approach.

The predictive value of K uptake by the‘ammoniuﬁ
acetate K so0il teét is slightly less than that for HOH or
HOHT'(Table 36). The HCL resin methoa is mucﬁ‘weaker inv |
Table 36. Simple liaear regression model equations for

. the greenhouse experiment, K uptake (Kup)
for 17 soils.

Dependent Variable: Kup = Mean K uptake per pot in mg at
the 0 fertilizer rate.

Dependent Equation R2' Prob>F

Variable

Kup = 93.35 + 0.09K* . .460 . . .003

Kup = 89.41 + 0.93%HOHKP - .465 .002

Kup = 97.72 + 0.84%HOHTK® . 471 .002

Kup = 108.53 + 0.36%HCLKS . 255 ~..003.
-1

a : Scil ammonium acetate extractable K in mg kg~

b : PST procedure soil mean extractable K across all days
using HOH resin with,ddw saturated soil paste
preparation in mg 1™~ of stripping solution.

¢ : PST procedure soil mean extra%table K across all days
using HOH resin with 15 mg 1 tetracycllTe solution
saturated soil paste preparation in mg 1 of
stripping solution.

d : PST procedure 50il mean extractable K across all days
using HCL resin with_ddw saturated soil paste
preparation in mg 1 -1 of stripping solution.
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predfctivé value than any other procedure. The predictive
value of the.PST method is clearly different from ammonium
acetate K when consjdered in relation to percent K in the
plant (Table 37). Tﬁe HOH method is clearly an improvement
Table 37. Simple linear regression model equations for

the greenhouse experiment, K percent (K%)
- for 17 soils.

Dependent Variable: K% = Mean K percent per pot in Q cg_1
- at the 0 fertilizer rate.

Dependent _ Equation . R2 Prob>F
Variable ' ‘

K% = 2.75 + 0.01%K% : .326 . .017
K% = 2.33 + 0.24*%HOHKP . .627 _ .001
K% = 0.92 + 2.62*HOHTK® ' .551 . .001
K% = 2.72 + 0.01*HCLKY - .448. .003

a Soil ammonium acetate extractable K in mg kg—l.

b PST procedure 'scil mean extractable K across all days

using HOH resin with,ddw saturated soil paste
preparation in mg 1™~ of stripping solution.’ ‘

¢ : PST procedure soil mean extraftable'K across all days
using HOH resin with 15 mg 1~ ‘tetracycli?e solution
saturated soil paste preparation in mg 1 of
stripping solution. :

d : PST procedure soil mean extractable K across all days
using HCL resin with_ddw saturated scil paste

‘preparation in mg 1—'1 of stripping solution.
over the standard within the context of this experiment.
A further test of the prédictivé strength of the
methods was performed by conducting maxr regression
analysis. The independent variable pool included all soil

test methods, physical, and chemical scil parameters for a

total of 47 independent wvariables. Selection of reliable
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equations was made by efiminating models that contained
variables poorer than .01 probability. |
The maxr equation for percent K contains the -
negatively related OM variable (Table 38). Organic matter
Table 38. Maxr regression model equations for the

greenhouse experiment K response variables
at 0 fertilizer rate for 17 soils.

Dependent Variables: K% = Mean pércent K per pot in>g cg_l.
Kup = Mean K uptake per pot in mg.

Dependent - Equation L R2

Variable

K¥ = 2.90 - 0.25*OM + 0.02*HOHK + O.lOHOHTS' ' .938

Kup = 124.59 - 7.95%0M + 0.98*HOHK — 7.41*TPBETA . .946

All terms were significant Tt the 0.01 P>F level.

OM : Soil organic matter in g cg -.

HOHK : PST procedure soil mean extractable K concentration
across all days using HOH resin with ddw saturated
soil paste preparation in mg 1™~ of
stripping solution.

HOHTS : PST procedure extractable soil mean S concentiation
across all days using HOH resin with 15 mg 1~
tetracycline ,solution saturated soil paste
preparation in mg 17~ of stripping solution.

TPBETA : The linear regression slope of PST procedure

extractg?le P concentration using HOH resin with
15 mg 1 soclution saturated soil paste
preparation, Y, and log ‘time, X.

is a dominant source of cation exchange capacity in tﬁe
soil and increases pathway tortuosity for diffusion of K.
The positive relation of HOHK indicates that HOHK was a
direct measure of phytoavailable‘K. Organic matter and
HOHK are the critical components of both the K ﬁptake and

percent K‘models.

The positive relation of HOHTS to percent K reflects
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the charge balance relationship'between K-and S in}SOil
solution. This was consistent withltrends presented in
prior chapters. The contribntion of HOHTS to the K uptake
f—square is much weaker than OM and HOHK. Therefore,
etrength of prediction for this model is understood to be
an expression of the importance of combining a measure of
phytoavailable supply Qith a modifying term related”to'the
diffusion pathway. ‘ |

The third term of the K uptake model, TPBETA (the RAR
measu?e.as the slope of HOH tetracyeiine P as the
dependent‘with log time as the independent, is negatively
related to K uptake. This inorganic P RAR term contributee
strongiy to the model but iS‘positively and vefy weakly
correlated to both OM (r= .27) and HOHK (r= .21). These
conflicting relationships are evidence thet the data were'
not suitable for a'clear.understanding of the relationship

.of RAR P to K uptake.

Growth Room K Experiment Results

The use ‘of the growth room eliminated the |
environmental gradient problem experienced in the
. . greenhouse room. The change in soil preparation and
watering method elimineted the soil crusting problem. The
tip burn .of the plants persisted as a problem in the grewth
room and was again attributed to‘turbulenﬂ air despite the
"higher relative humidity provided by evaporation of water

from buckets.
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The success of the modifications was evident from the
lack of s1gn1f1cance for rep11cat1on data in the ANOVA

(Table 39) The treatment effect 1s again, 51gn1f1cant

Table 39. The analysis of variance table. for growth room”
K on 7 soils.

Dependent Variables: Dry we1ght per pot in g, K uptake per
] ‘pot in mg and K percent per pot

in g c¢g

‘ ~ G/Pot® K Uptake® . K PctC
Source - DF Mean Sqg. Mean Sg. Mean Sg.
REPd : 3 0.21 73.67 0.04
TRT 4 . 0.09 ‘ 231.34%* 0.31%x
SOIL® : 6 10.78%x* 4588.67%* 9.56%%
TRT*SOIL - 24 0.19 40.19 0.04

0

Error 102 0.12 40.52 .04 -

g

** Denotes 51gn1flcance at or beyond the 0.01 level.

a : Dry weight yield per pot in g.

b K. uptake per pot in mg.

c K percent per pot in g cg_l. -

d Fertilizer, additions of 0, or 50, or 100, or 200, or
400 kg ha - per pot.

]

Seven Montana agricultural soils.

for.botn_K uptake and K percent. The treatment effect is
substantially weaker 1in thie experiment as cempared to the
greenhouse. The data for the LSD separation of treatment
means reveal that the first level of added K caused an
increase of both K upteke and .K percent (Table 40).

Higher treatment rates caused a reductien in K uptake
and percent K. These respenses'to the treatments are
probably related to the overallvhigh‘K status of the soits.

The K uptake ranked order and separation ef the higher

. treatment rates means is not normal. The ranked order of
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Table 40. T groupings by least significant difference for
the growth room K experiment treatment means
for K response variables. Alpha = 0.05.

Dependent Means: Dry weight per pot in g, K uptake per
pot in mg, and K percent per pot in g cg~
across 7 soils. :

1

i, Dry Wt. g=% K Uptake mg—t K %
T ST

GROUP MEAN TRT® °~ GROUP MEAN TRT  GROUP MEAN TRT
A 2.88 400 A 31.42 50 A 1.19 50
A 2.84 50 AB 29.49. 0 A 1.17 0
A 2.81 100 BC 27.90 100 AB 1.11 100
A 2.79 200 C  25.10 400 BC 1.02 200
A 2.73 0 C  24.66 200 C  0.94 400

LSD 0.1810 3.3746 0.1061

@ Treatment units are kg ha~l.

the percent K treatment means reveal that plants responded

1 rate but higher rates caused a

positively to the 50 kg ha~
progressively negative effect. BSome K cofactor is more
likely to be the causal agent of this response rather than
a K toxicity, but inyestigation of this trend is not
pertinent to the objectives of this experiment. It is
clear from these data that this experiment was not as
reliable as the greenhouse experiment.

The SOIL term in the ANOVA table was significant
~across all dependent variables. The ANOVA F value is an
order of magnitude greater than the greenhouse results for
each dependent variable. Part of the improved strength of
the ANOVA analysis SOIL term results from the built in,

evenly distributed range of soils in terms of extractable

K.
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The separation‘of scil means by LSD illustrated that
thelrange of the means was relatively coﬁsistent between K
uptake and K percent with soils 15 and 20 as High, soils
14, 7, and 8 in the mid range and soils 16 and 2 in the low
range fTable 41). The data of this table show slightly
Table 41. T groupings by least significant difference of

the growth room K experiment soil means for K
response variables. Alpha = 0.05.

Dependent Means: Dry weight per pot in g, K uptake per
pot in mg, and K percent per pot in g cg -1
across all treatments

1

Dry Wt. g— K Uptake mg—— K %

T T T / -
GROUP MEAN 50112 GROUP MEAN SOIL ~ GROUP MEAN SQIL

A 3.54 16 A 57.42 15 A 2.3¢ 20~

A 3.39 15 B 38.21 20 B 1.71 15

B 3.12 14 C 23.90 14 C 0.99 8

B 3.09 2 C 23.54 17 D 0.79 17

B 2.96 17 D 18.91 .8 D 0.76 14

C 1.91 8 D 16.69 16 E 0.51 2

D 1.64 20 D 15.34 2 E 0.47 16
LSD 0.2142 3.9929° ) 0.1256

a : Soil numbers[ taxonomic soil names are listed in
Appendix Table 69.

better sebaration for K percent than the other dependent

variables. Dry matter means were not the same as the

ranked.order expressed for K uptake and K perceht.

The significance of the SOIL term indicates that soil
type did affect dry weight, K uptake, and K percent.
However, the strongest expression of response for this
experiment is exhibited by the K percent data. The

treatment effects are not strong and as a result there was
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no significant SOIL by TRT interaction.

Growth Room K Soil Test Relationships

Single variable linear regression equations weré,_
derived for the standard soil test metﬁod of ammonium
acetate K anq the PST extracti&h methods of HOH, HOHT, and
HCL. The dependent vgriabies were‘the means for‘each'séil
of the plant K percent at the 0 kg ha™! K treatment rate-
and the plant K uptake per pot at the 0 kg ha~1 K-tfeatment
rate. The ﬁry weigﬁf yields were considered to be too
erratic to warrant further COnsidefation. |
| Thg predicfiVe value of the standard soil ﬁest method
of ammonium_acetate K and the:PST HCL method are closely
aligned Qith the HOH-and HOHT methods in this experihent
(Tables 42 and 43). The standard test exceeds PST in the
prediction of percent K,'while the HOH treatment is the
best prédictdr of K uptake. The probability value of all
equations was unéccebtably'low. This suggests the growth
room experiment is a pooref férpm’fdr testing predictive'
vélue of a soil test than the greenhouse experiment, in
spite of tﬁe efforts to improve-probiemaﬁic environmental
influences. The reduced number of soils used.in the growth
room may also have contributgd to poérer reliability.

The maxr regression équétions describing K percent did
utilize the KBETA rate term as-a finite line adjusfment

term in the three variable equation (Table 44). All of
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Table 42. Simple linear regression model equations for
the growth room experiment, percent K in the
plant for 7 soils.

Dependent Variable: K% = Mean K percent per pot in g cg_1
' - at the 0 fertilizer rate.

Dependent Equation . RZ . Prob>F
Variable

K% = —0.25 + 0.0024*K® ' .498 077
K% = 0.24 + 0.0172*HOHKP .484 .083
K% = 0.44 + 0.0133*HOHTK® . .352 .161
K% = 0.54 + 0.0076*HCLKY .302 ' - .202

a Soil ammonium acetate extractable K in mg kg -1

b PST procedure soil mean extractable K across all days

using HOH resin with,ddw saturated soil paste
preparation in mg 1l Y stripping solution.

¢ : PST procedure soil mean extraftable K across all days
using HOH resin with 15 mg 1 tetracycll?e solutlon
saturated soil paste preparation in mg 1
stripping solution. ‘

d : PST procedure soil mean extractable K across all days
using HCL resin w1thlddw saturated soil paste
preparation in mg 1 of stripping solution.

the terms of the equation are positively related to K

percent (r= +,57 KSAT, r= +.76 CL, r= +.58 KBETA). The .

positive correlation of the percent clay variable is

possibly an indication that clay serves as a source of
nonexchangeable K and as a éource of exchangeable K. The
more specific measures of these sources did not come out of
the variable pool because they were not consistently
related to all of the 7 soils. _

The KSAT and KBETA terms are strongly related to each

other (r= +.95). Their relation to percent K is identical
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Table 43. Simple linear regression model equations for
" the growth room experiment, K uptake (Kup) per
pot for 7 soils.

Dependent Variable: Kup = Mean K uptake per pot in mg at
. ’ the 0 fertilizer rate.

Dependent Equation- R Prob>F
Variable
Kup = 0.56 + 0.05K% | .521 © .067
Kup = 7.83 + O.40*HOHKP , 665 .025
Kup = 11.93 + 0.32*HOHTKC - .522 .067
Kup = 11.29 + 0.22*HCLKY .636 .032

1

a : Soil ammonium acetate extractable K in mg kg~

b : PST procedure soil mean extractable K across all days
using HOH resin with_ ddw saturated soil paste
preparation in mg 1™ * of stripping solution.

¢ : PST procedure soil mean extraftable K across all days
using HOH resin with 15 mg 1 - tetracycline solution
saturated soil paste preparation inmg 1~ of
stripping solution.

d : PST procedure soil mean extractable K across all days
using HCL resin with ddw saturated soil paste
preparation- in mg 1*1_of stripping solution.

Table 44. Maxr regression model equations for the
: growth room experiment K response variables
at 0 fertilizer rate for 7 soils.

Dependent Variables: K% = Mean percent K per pot in g cg_l.
Kup = Mean K uptake per pot in mg.

Dependent _ Equation ' R2

Variable

K% = 0.003 + 0.07*KSAT + 0.06*CLAY — 0.06*KBETA - .992

Kup = 0.006 — 223.38*EC + 1.43*KBETA _ ‘ .950

All terms were significant at the_?.Ol,P>F level.
KSAT : Saturated soil extract K in @? 1 -,
CLAY : Percent clay in soil in g cg ~.
KBETA : The linear regression slope of PST RAQ K using HOH
resin with ddw saturated soil paste preparation, Y,
and log time, X. -1
EC : Saturated soil electrical conductivity in mmhos cm
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but their function in the model is an expression of the
statistical best fit process and little else. The real
statement of the equation is that the combined solution K
and solid phase K terms qcéount well for the percent plant
K in the check plots of this experiment.

The K uptake model is constructed from the weak,
negative relation of EC to Kup (r= -.21) and the strong
positive relation of KBETA (r= +.85). The latter term in a
single variab1¢ equation has a strong predictive value (R2
= .70) and thereby illustrates the importance of diffusion
rate toward the overall K quantity thét the plants
absorbed. The KBETA variable is positively correiated to
EC (r= +.32) so resin adsorption of K rate does.increase
with increasing soluble salts even though K uptake
decreases with increasing soluble salts. The EC of the 7
soils ranged from .09 to .18, indicating that the negative
relation to K uptake was not due to a salt effect. A
possible explanation is that a competing cation from
soluble salts affects uptake rate by plants but does not
influence adsorption rate by resin in the same manner.
This possibility was not ﬁade clear by these data but it

would be an interesting topic for further study.

Growth Room P Experiment Results

The REP effect for the dry weight data of this
experiment is significant. There was no apparent gradient

related to light, temperature, or air turbulence, so the
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cause remains unknown (Table 45). These data show

Table 45. The analysis of variance table for the growth
room P experiment on 7 soils.

Dependent Variables: Dry weight per pot in g, P uptake pef
pot in mg, and P percent per pot

in g cg

' G/Pot? P Uptake? P Pct®
Source DF Mean Sq. Mean Sq. Mean Sqg.
REP 3 0.76%x* 0.80 0.003
TRT 4 0.05 21 .51 %% 0.029%%
SOIL® 6 6.16%% 128 .27%% 0.245%x*
TRT*SOIL 24 0.12 -0.92 0.002
Error 102 0.08 0.70 0.0015

** Denotes significance at or beYénd the 0.01 level.

a : Dry weight yield per pot in g. .

b : P uptake per pot in mg.

¢ : P percent per pot in g cg—l. . F

d Fertilizer, additions of 0, or 15, or 30, or 60, or - h
120 kg ha~1 per pot.

e Seven Montana agricultural soils.

significant SOIL and TRT.effects for percent P and P
ubtake, but not for dry weight. The negative relation of
percent P‘to dry matter (r= —-.43) and lack of relation
between P uptake and dry'matter (r= %.06) indicate that
some other factors were limiting biomass prodﬁction in this
experiment. |

| The TRT effect was elucidated b? LSD treatment mean
separ&tion (Table 46). The ranked order of the T |
groups is normal with respect to treatment levels. The
separation of'the TRT means for P uptake shows no
difference between the 10 and 20 kg ha—l rate. The

separation of means for percent P indicates a split in the
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Table 46. T groupings by least significant difference for
the growth room P experiment treatment means
for P response variables. Alpha = 0.05.

Dependent Means: Dry weight per pot in g, P uptake per
pot in mg, and P percent per pot in g cg
across 7 soils. '

"

Dry Wt. g=% P Uptake mg=%t P %
T T T
GROUP MEAN TRT2 GROUP MEAN TRT GROUP MEAN TRT
A 2.60 40 A 6.67 80 A 0.264 80
A 2.59 80 B 6.19 40" A 0.254 40
A 2.57 20 C 5.28 20 B 0.2i1 20
A 2.57 10 C 4.98 10 B 0.203 10
A 2.50 0 D. 4.54 0 B 0.193 0
LSD 0 0.4447 0.0206

.1470

8 Treatment units are kg ha 1.

treatment effect where only the highest fertiliéer rates
produced a definitive-response in P uptake and percent P.
The éOIL effect is significant for all response
variables (Table 47), and is much stronger thar the TRT |
effect. The soil mean separation is slightly better for
pgrcent P versus P uptake. Percenf P and P uptake means.
both show soil 9 to be highest and soils 1i and 17. to be
loweét iﬁ fankéd order. The dry weight mean ranked order
is opposite to both P uptake and percént P for these.three
soils. ' ' _
The strength of the SOIL effect is a reflection of the
evenly distributed fange of soils in terms of residual P as
indexed by the Bray P teét.. The weaker treatment effect is

a reflection of the fact that even the low end of the raﬁge
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.Table 47. T groupings by least significant difference of
the growth room P experiment soil means for
P response variables. Alpha = 0.05.

Dependent Means: Dry weight per pot in g, P uptake per
pot in mg, and P percent per pot in g cg
across all treatments.

-1

Dry Wt. g=t P Uptake mg—+ . P

P =1 %
T T T .
GROUP MEAN SOIL2 GRQUP MEAN SOIL GROUP MEAN SOIL
A 3.28 14 A 9.27 9 A 0.427 9
B 2.87 17 B 8.36 14 B 0.283 12
B 2.85 11 C 6.45 12 C 0.257 14
B 2.83 6 D 4.74 6 D 0.211 19
C 2.34 12 E 3.37 19 E 0.170 6
C 2.18 9 E 3.36 11 F 0.117 11
D 1.62 19 E 3.16 17 F 0.110 17
LSD 0.1739 0.5262 : 0.0244

a : Soil numbers, taxonomic soil names are listedrin
Appendix Table 69,

of soils is above déficiéncy levels. Therefore; it is not

surprising to see a-lack of dry matter response to the

treatments, giveﬁ the fact that the range is from adequate

to very high native P. There is no significant two way

interaction becaﬁse-of the weakness of‘the treatment

‘response. -

Growth Room P Soil Test Relationships

Single wvariable linear regression equations were
derived for the'standérd soil test methods of sodium
" bicarbonate extractable P,‘or Olsen P (OP) and dilute acid—.
fluoride soldble P, or Bray P (BP). Similar equations were
also derived for the PST extraction methods of HOH, HOHT,

and HCL. The dependent variables were the means for each
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soil of the plant percent P at the 0 kg ha~! K treatment

rate and the plant P uptake per pot at the 0 kg ha ! p

'treatment rate.

The predictive value of the standard soil test methods

of Bray P and Olsen P are well correlated and significant

for both percent P and P uptake (Tables 48 and 49). All

Table 48. Simple linear regression model equations for

the growth room experiment, percent P in the
plant for 7 soils.

Dependent Variable: P% = Mean P percent per pot in g cg"1

at the 0 fertilizer rate.

Dependent Equation ' R2 Prob>F

Variable ‘ . -

P% = 0.005 + 0.12%BP3 ' 756 011

P% = ~0.132 + 0.01*OPP : ' .692 .020

P% = 0.106 + 0.01*HOHP® 174 .351

P% = 0.121 + 0.01*HoHTPS ‘ .112 .463

P% = 0.245 - 0.01*HCLP® ' .143 ©.403

a Dilute acid fluoride soluble soil P in mg kg_l.

b Sodium bicarbonate extractable soil mg kg .

c PST procedure soil mean extractable P across all days
using HOH resin w1th1ddw saturated soil paste
preparation in mg 1 of stripping solution.

d : PST procedure soil mean extraftable P across all days.
-using HOH resin with 15 mg 1 tetracycllTe solutlon
saturated soil paste preparation in mg 1
stripping solution.

e PST procedure soil mean extractable P across all days

ddw saturated soil paste
of stripping solution.

using HCL resin with

preparation in mg 1 -1

of the PST methods are weakly correlated and not

significant. ' All methods except HCL show stronger

predictive value for P uptake than percent P. This was
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Table 49. Simple linear regression model equations for
the growth room experiment, P uptake (Pup) per
pot for 7 soils. .

" Dependent Variable: Pup = Mean P ﬁptake per pot in mg at
the 0 fertilizer rate.

Dependent "Equation . R , Prob>F
Variable ’

Pup = 0.16 + 2.,89¥BPa . .880 - .002
Pup = —2.82 + 0.23%0PP , .758, 011
Pup = 1.74 + 0.33*HOHPS ' .396 ..130
Pup = 1.82 + 0.34¥HOHTPY | .346 165
Pup = 4.85 — 0.04*HCLP® - !oqa 853

a : Dilute acid fluoride soluble soil P in mg kg

b : Sodium bicarbonate extractable soil mg kg™ *.

c PST procedure soil mean extractable P across all days
using HOH resin w1th ddw saturated soil paste
‘preparation in mg 1 -1 of stripping solution.

d : PST procedure. soil mean extraftable P across all days
using HOH resin with 15 mg 1 tetracycllTe solutlon
saturated scil paste preparation in mg 1
stripping solution.

e : PST procedure soil mean extractable P across all days
using HCL resin with,ddw saturated soil .paste
preparation in mg 1 -1- of stripping solution.

1 -

related to the ANOVA and LSD analysis data which ehow
stronger.treatment'fesponse.and 501l effects for P:uptake.
The maxr regression mocdels for P uptake and percent P
are dominated by the etrong relation of the Bray P test to’
the dependents (Table 30). The additional variables of
KSAT and VERM for percenf P were positively but‘very weakly
correlated to percent P, (r— +.08 KSAT r= +.002 VERM)
The additional variable of MGEX in the P uptake mode 1 was

also weakly correlated to the dependent var1ab1e, (r= —-.33
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Table 50. Maxr regression model equations for the growth
room experiment P response variables for 7
soils at the O‘fertilizer rate.

Dependent Variables: P% = Mean percent P per pot in g cg -1,
Pup = Mean P uptake per pot in mg.

Dependent ‘ Equation R2
Variable ' '

P% = —-0.24 4+ 0.05*KSAT + 016*BP + 0O.01*VERM .997
Pup = 0.01 — 0.44*MGEX + 2.89*%BpP ” .992

All terms were significant at the O. O} P>F level.
KSAT : Saturated soil extract K in mg 1
. BP : Dilute acid fluoride solublﬁ soil P in mg kg~ 1.

VERM : Vermiculite clay in g cg
CLAY : Percent clay in soil in g cg -1
MGEX : Ammonium acetate extractable Mg in cmol kg—l.
MGEX). The additional variables could be explained in’
terms of their relation to the dependents but'they are more
likely to be statistical modifiers of the strongly related
BP and nothing more. ‘ '

‘The data suggest ciearly that the Bray test was a very
good predictor of check plot P availability for plant
uptake within the context of this experiment and for these
7 soils.. However, the experiment had a built in bias
toward the Bray test because this test was the criterion
for selection of the 7 soils. Both the Bray and Olsen
tests are known ﬁo.perform poorly for some Montana soils,
so this experiment apparéhtly is not based on a
representative sample of soils. Therefore, broad

conclusions regarding the comparative worth of either the

Olsen or the Bray test are not applicable beyond the
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context of this experiment. However, it is clear that both
tests were more reliable than the PST method within the
context of this experiment.

The poor performance of the PST method is probably a
function of the weak affin;ty of the anion resins toward
phosphate. Even though the OH™ charged resin was showh to
be better than Cl_1 for E assessment, it still has vastly
weaker affinity for phosphate versus nitratef‘suifate, or
carbonate.

Pilot studies not reported have shown HOH performahce
equal to Olsen P when soils actually deficient in available
P'ﬁere included in the experiment. ‘However, the goallof
producing a better soil test for phytocavailable P will |
require much additional research to seek out a resin with

high phosphate "affinity.

- Growth Room S Experiment Results

There was a significant replication effect expressed
in the ANOVA analysis for the dry weight data,'bui the
cause was unknown (Table 31). The simple cofrélatién of
TRT, SOIL, and two way interaction effects for all dry
matter to S uptake (r= +.33) and percent S - (r= -.20) does
not indicate a negativé influence b& an outside factor aé
strongly as in the g}owth room P‘experimént.' This
experiment differs from the other growth room experiments
because it shows much strqnger effects for TRT than for

SO0IL. The separation of treatment means by LSD reveals
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Table 51. The analysis of variance table for the growth
room S experiment on 7 soils.

Dependent Variables: Dry weight per pot in g, S uptake per
pot in m?, and S percent per pot

in g cg
. _ G/Pot? S Uptake® S PctC
Source DF Mean Sg. Mean Sqg. Mean Sq.
REPd ‘ 3 0.59*x* 0.65 0.001
TRT ' 4 3.07%x% 95.02%x 0.114%x*
SOIL® : 6 4.82%x 8.07%x* 0.053%x
TRT*SOIL 24 0.27%% 1.14%x* 0.007%x
Error 102 0.08 0.34 0.0008
** Denotes significance at or beyond the 0.01 level.
a : Dry weight yield per pot ‘in g.
b S uptake per pot in mg.
c S percent per pot in g cg"l. : { :
d Fertilizer additions of 0, or 15, or 30, or 60, or
120 kg'h(:l_1 per pot. g
e : Seven Montana agricultural soils.

that‘the'dry weight response was not normal because the
middle treatment rate of.30 kg ha™! is ranked highest
(Table 52). Tﬁere is no separétion between the upper.three
treatment levels.

The S uptake and percent S response data are normal in
ranked order and perfectly separated. .Thelstrong response
to treatmént is aﬁ indication that the 7 soils did fall
within the range of ] deficiency. The éeparation of soil
means by LSD shows again that dry weight was the least
reliable dependent variable (Table 33). .The dry weight
soil means are not well separated in the mid.through upper
range. The percent S means are slightly better separated
than 5 uptake across the entire range.

There is good agreement between S uptake and percent S
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Table 52. T groupings by least significant diffefence for
the growth room S experiment treatment means
for S response variables. Alpha = 0.05.

Dependent Means : Dry weight per pot in g, S uptake per
pot in mg, and S percent per pot in g cg
across 7 soils.

-1

1

Dry Wt. g—~ , S Uptake mg— S %
T T ) T
GROUP _MEAN TRT2 GROQUP MEAN TRT GROUP MEAN TRT
A 2.95 30 A 6.13 120 A 0.234 120
A 2.93 120 B 5.09 60 B 0.182 60
A 2.92 60 C 4.12 30 C 0.146 30
B 2.64 15 D 2.66 15 D 0.105 15
C 2.18 0 E 1.53 0 E 0.071 0
LSD 0.1483 0.3086 0.0148
-1

% Treatment units are kg ha

Table 33. T groupings by least significant difference of .
growth room S experiment soil means for S
response variables. Alpha = 0.05.

Dependent Means: Dry weight per pot in g, S uptake per
pot in mg, and S percent per pot in g cg
across all treatments.

-1

1

Dry Wt. g—% S Uptake mg=%t s %

T : T T :
GROUP- MEAN SOIL® GROUP MEAN SOIL  GROUP MEAN SOIL
A 3.17 7 A 4.84 12 A 0.223 9
AB  3.05 3 B 4.30 3 B 0.217 12

BC 2.98 13 B  4.16 7 C 0.138 3

BC 2.96 17 B  4.08 9 D 0.129 7

¢ 2.83 2 c  3.70 17 D 0.122 17

D 2.24 12 D. 3.30 2 E  0.112 2

E i.84 9 D 2.96 13 E 0.092 13
LSD 0.1755 _ 0.3652 0.0175

a : Soil numbers, taxonomic soil names are listed in
Appendix Table 69.

with respect to the the entire sequence of ranked order

except for soil number 9. Soil 9 yielded the lowest dry
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matter but showed the highest percent 8 in the plant
tissue. The high peréent S could well be the result of a
third liﬁiting factor thaﬁ prevented the translation of
available S to biomass for that soil. There does not seem
to be any strong trends oﬁ’suppression of response due to
an outside factor for the other soils.

The significant two—-way interaction fér each of the
dependent variables is fundamentally a reflection of good
soil mean separation and good, to excellent treatment mean
separation. The statistical strength of the intéraction is
an expression of the fact that the 7 soils of this
exberimeﬂt'did‘resﬁond individdally under the influence of
the treatments and that tﬁe plants responded pésitively to
fertilizer S oﬁ all soils. This indicates the materials

and methods of this experiment were well suited for testing

the predictive value of the soil test methods.

Growth Room S Soil Test Relationships

Single variable linear regression equations were
derived for the standard soil test method of acetate
soluble sulfate (S) and the PST extraction methods of HOH,
HOHT, HCL and MINS. The dependent variables were the meéns
for each soil of the plant dry'weight yield, the percent S
of the planf, anq the plént S uptéke per pot. Each
dependent variable reﬁresents the O kg ha™l s treatﬁent for

that soil.

Tﬁe dry matter models have poor predictive value and
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poor probability associated with all soil test methods
(Table 54). The lack of fit for each soil test is
Table 54. Simple linear regression model equations .for

the growth room S experiment, dry weight (Sdw)
as dgrams per pot for 7 soils.

Dependent Variable: Sdw = Mean S dry weight per pot in g at
the 0 fertilizer rate.

Dependent Equation R2 Prob>F
Variable

Sdw = 2?20 ~ 0.05%5% 069 .570
.Sdw = 2.07 + 0.03%HOHSP . - .027 .779
Sdw = 2.07 + 0.03*HOHTSC 2012 .819
Sdw = 2.41 - 0.05*HcLsY , .219 .290
Sdw = 2.09 + 0.12*MINS® .032 .703

1

a : Ammonium acetate extractable S in mg kg~

b : PST procedure soil mean extractable S across all days
using HOH resin with, ddw saturated soil paste
preparation in mg 171 of stripping solution.

c : PST procedure soil mean extraftable S across all days
using HOH resin with 15 mg 1 tetracycliTe solution
saturated soil paste preparation in mg 1 of '
stripping solution.

d : PST procedure soil mean extractable S across ' all days
using HCL resin with, ddw saturated soil paste
preparation in mg 1 -, of stripping solution.

e : HOHS - HOHTS in mg l—1 of stripping solution.

related to the fact that an undefined environmental factor
caused a significant difference in the replications and the
air turbulence caused a visible effect on the plant.

The better test of predictive value of the variables
is regression of the concentration dependents (Tables 55

and 56). Both the standard scil test method and the HCL

PST method have poor correlation and poor probability
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Table.55. Simple linear regreééion model équations for
- the growth room experiment, percent S in the
plant for 7 soils.

Dependent Variable: S% = Mean S percent per pot in g cg'"1
at the 0 fertilizer rate.

Dependent Egquation R Proﬁ)F
Variable

S% = 0.03 + 0.01*s% .579 .047
S% = 0.03 + 0.01*HOHSP . .830 . .004
S% = 0.02 + 0.02*%HOHTS® | .848 . .003
S% = 0.05 + 0.004*HcLsd ' .406 124
S% = 0.05 + 0.03*MINS® '.742 - . .013

Ammonium acetate extractable S in mg kg_l.

PST procedure soil mean extractable S across all days

using HOH resin with,ddw saturated soil paste a

preparation in mg 1"1 of stripping solution.

¢ : PST procedure soil mean extraftable's across all days
using HOH resin with 15 mg 17 tetracYcliTe solution
saturated soil paste preparation in mg 1 of
stripping solution. _

d : PST procedure soil mean extractable S across all days
using HCL resin with, ddw saturated soil paste
preparation in mg'l—1 of stripping solution.

e : HOHS - HOHTS in mg 11 of stripping solution.

oo

toward the percent S and S uptake dependents. The HOHS,
HOHTS, aﬁd MINS variables are qual in predictive value
toward S uptake. The MINS variable is not as strongly
related to percent S, the most reliable response parameter
of this experiment.. The éimilp{ity of these three PST
measures 1is a function of thé fact that they were each HOH
resin sink systems, and organic S is strongly correlated
with inérganic S for these 7 soils (r= +.95 for HOHTS to

MINS) .
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Table 56. Simple linear regre551on model equations for
the growth rooém experiment S uptake (Sup)
per pot for 7 soils.

Dependent Variable: S% = Mean S percent per pot in g cg™ !
at the 0 fertilizer rate.

Dependent E&uation R? "~ Prob>F
Variable .

Sup = 0.87 + 0.16*%3% ‘ | .395 S..131
Sup = 0.56 + 0.25*HOHSP _ .892 .001
Sup = 0.39 + 0.36%HOHTSC .879 .002
Sup = 1.34 + 0.04*HCLSY .100 .490
Sup = 0.98 + 0.75*MINS® ' .862 .005'

a : Ammonium acetate extractable S in mg kg -1, i

b : PST procedure soil mean ‘extractable S across all days
using HOH resin with,ddw saturated soil paste
preparation in mg 1 -1 of stripping solution.

c : PST procedure soil mean extraftable S across all days
using HOH resin with 15 mg 1 etracyclife solution
saturated soil paste preparation in mg 1
stripping solution. ) '

d : PST procedure soil mean extractable S across all days
using HCL resin with ddw saturated soil paste

. preparation in mg 17+ of stripping solution.

e : HOHS - HOHTS in mg 1 1ot stripping solution.

‘"The maxr regression procedure for percent S and S
uptake failed to identify any significant variable that
would improve the predictability beyond the amount provided
by HOHS or HOHTS individually (Table 57).

The dry weight model includes a negative relation of
EC with positive correction of the line by the rate
variable TSBETA. Both variables are not strongly related

to dry weight on an independent basis (r= —.66, EC,

.r= +.43, TSBETA). Although the rate term seems relevant to
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Table 57. Maxr regression model equations for the

growth room experiment S response variables
for 7 soils at the 0 fertilizer rate.

Dependent Variables: S% = Mean percent Svper pot in g cg—l.

Sup = Mean S uptake per pot in mg.
S5dw = Mean dry weight per pot in g.

. Dependent Equaﬁioh , Rz
Variable . ‘ ' : |
S% = 0.02 + 0.02%HOHTS ‘ ‘ : . 848
Sup = 0.56 + 0.25*HOHS : .892
Sdw = 2.44 - 4.33%EC + 1.06*TSBETA ' ‘ .939. -

All terms were significant at the 0.01 P>F level.
HOHTS : PST procedure extractable mean S concentration .
across all days using HOH resin, with ddw saturated _ -
soil paste preparation in mg 1 -1 of . ;
stripping solution. '?

HOHTS : PST procedure extractable mean S concentratlog

across all days using HOH resin with 15 mg 1
tetracycline solutlof saturated soil paste
preparation in mg 1 of stripping solution.
TSBETA : The linear regression slope of PST procedure
extracta?le 5 concentration using HOH resin with.
15 mg 1 solution saturated soil paste
- preparation, Y, and log time, X.
EC : Saturated soil electrlcal conductivity in mmhos cm -1

the modei, it is'secoﬁdary to the EC ﬁerm. The actual EC
values for the 7 soils were low, ranging from .12 to .36
mmhos/cm, indicating little likelihood of a sait effect qh
growth. These arguments, coupled with the previouély

indicated errétic nature of the dry weight in the

experiment, preclude a valid explanation of this model.
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Summary and Conclusions

Each experiment was compromised by environmental
conditions. The K and P growt£ room experiménts were
furtﬁer compromised by the naturally high levels of K and P
in the soils used. The response variables of nutrient
concentration and uptake were much more reliable indicators
 of nutrieﬁt relatioﬁships than was dry weight. The percent

response variable was most consistently shown to be the

i
1

most sensitive variable.for plant—-soil nutrient
relationships.

The growth room experiments did represent an
improvement over the greenﬁouse in terms-of the negative-
influence of enviroﬁmental factors on growth. The
greenhouse experiment was considered more reliable than the
growth room for K evaluation'because thé treatment efféct
was .strong and normal in the greenhouée, versus the weak
growth room treatmenthesponse.relationship.

The comparison of soil tesﬁing methods was valid
because it was based on the 0 rate of treatment in all
caseé. _Tﬁe problems of plant growth and response
performance in these experiments primarily serves to limit
the applicability of the resulis to a ﬁarrow range in most
cases. -

The PST extractipn method using H+/OH_ resin was

superior to standard methods for the'prediction of K .
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uptake, percent K, S uptake and percent S. It‘was shown to.
be inferior to both the‘Bray'end'OISen P tests for P uptake
and percent P. - |

The Qreenhouse K experiment date olearly indicated
that HOHK was a direct measdre of ph&toaveilable\K quantity
but this term alone did not totall? explain the amount of K.
obtained by the plants‘from the soil. The inoorooration:of
OM in the model impfoved the prediction by adjusting the
relationship to include a factor related to diffusion
pathway tortuosity. The equal predictive value between
, HOHK and K for the growth room experlment was supportlve of1
the superiority of the PST method because the experlment B
contained a built in bias in favor of high correlation for
the standard‘method. |

The HOHS and HOHTS.methods werevequivolently strong in
predicting S uptake and percent'S. Botthethode were
certainly superior to the standard soil test method for S.
The strong treatment effect shown throughout the range of
treatment rates by the growth room S experiment suggests
'that a high blanket S rate should be used in any fert111zertu
.rate- controlled env1ronment experlments that use 51m11ar
soils to those used in thls study.

The PST method was not a "good predictor of any P
parameter. This was a function of the weak affinity of the
resins used toward phosphate, and the statlstical bias

favoring correletion of the Bray P test. The HOHP
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variable,would'probably show improved predictivé power in
an expérjment using soils low in P, but the success of the
PST method for P probably will hinge on the use of a
differently charged resin or a résin of-a different nature.

The PST method should be evaluaﬁed by use of soils
that allow more emphasis -toward the-léw, and deficient
range prior to sﬁggestion of use as a new standard methoq
for K analysis on Montana'soils.' Tpesg results clearly
warrant continuation of research toward that endl The PST
method should be evaluated by use of additional soils to
verify'the strength of this method.

These results clearly‘indicéte that PST should be
adopted as a new standard soil test method for S once an
adequate”body of'support experiments using different soils
verifies these results. |

The PST method should not be recommended for P

analysis until a suitable anion resin is found and

thoroughly evaluated.
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DESCRIPTIVE MODEL OF SOIL-RESIN FLUX

Introduction

method can be viewed in terms of physical
a measurement of nutrient flux. Flux is the

of ions through a cross secticnal surface

 terms are related to the PST method as the

eseﬁted by’the concentration of ions in the
iven time, and the cross sectionai surface area
bag'surfade area.

a fuhction of time, temperature and the s0il
oncentratioh,'électrocﬁemical potential and
sistance. According to Fick's first law of
lux of ions may be mathematically written as;

_ -1
i X (dci (a}))] ).

ux of the ith ion = Quaé&itzlper time per
surface area, umol c¢m S .

ffusion coefficient for ith ion in cm? s~ 1.

dCi dD"l = Driving Force = delta soil concentration

The dri

in umol cm ~ divided by delta
distance in cm. '

ving force of the ion flux is established by

the net zero concentration of the resin sink in contact

with net pos

itive concentration soil. There is no flux at
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time zero but at an infinitely small time elapse, flux
commences and a chemical concentrationd gradient as a
function of distance and electrochemical poténtial exists.

The 4C; term of the equation relates to the soil
concentration at time zero minus the soil concentration at
a specific distance (net removal by the sink), for a time
greater than zero. At any moment, the soil has aﬁ infinite
number of electrochemical potentials over a given distance.
Each specific electrochemical potehtial term is a function
of the concentrations of soil and soil solution on each
adjacent side. This infers that an infinite number of
diffusion coefficients may be derived in specific relation
to the electrochemical potentials, but the overall relation
is reflected in the measured concentration gradient.

A careful sequential sampling of soil at é sufficient
number of distances from the ion sink is necessary to
characterize the soil's overall chemical concentration
gradient. If the relationship of soil concentration to
distance is a linear function within the bounds of actual
gradient existence, then a single value can adequately
describe the chemical concentration gradient of the overall

system. Several mathematical approaches may then be

employed to derive a general diffusion coefficient for the

entire gystem.
. If the concentration to distance relationship is

nonlinear, an infinite number of gradient terms and
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diffusion coefficients would be necessary for specific
description of the system.

Theoretically, experiments can be deéigned to identify
the flux and gradient terms to derive the diffusion
coefficient when moisture and buffering capacity effects
are included. The diffusion coéfficient for each soil
would then be descriptive of the pathway resistance with
respect to diffusion. However, the buffering capacity of
the soil serves to release ions to the diffusion pathway as
a response to the reduced equilibrium concentration, ac;,
at any point along the gradient. This confounding
influence cannot be eliminated or specifically accounted
for along the entire gradient. Therefore true soil
gradients, and true soil diffusion ccefficients are
impossible to measure or to derive. It is for these
reasons terms such as "effective'" diffusion coefficient are

used in a soil context.

Objectives

An experiment was designed to measure ion flux to a
resin sink -and chemical concentration gradients on
saturated soil in order to identify the diffusion
coefficients applicable to the PST method. This relates to
phytoavailability because flux to either a resin sink or a
plant root sink is a function of the gradient, diffusion
coefficient, surface area and buffering capacity influences

relevant to individual soils.
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The objectives of this experiment include:
1. design a model for identification of the chemical
concentration gradients, resin flux, and diffusion
coefficients for P, K, and S in the saturated paste
condition of 20 agricultural soils from Montana;
2. compare standgrd soil test extraction methods with a
resin batch extraction method in relation to measured flux
of P, K, and S from saturated soil paste;
3. Compare the flux,.concentration gradient, and diffusion
coefficients of the experiment to plant uptake data from

the greenhouse and growth room experiments of chapter 5.

Materials and Methads.

The spherical shape of the resin sink in the PST
method would require sequential removal of soil as a series
of shells away from the resin in-order’to sample soil
concentration by distance in a manner related to the vector
of the chemical concentration gradient of the PST method.

A suitable technique for soil removal at exact distances in
this manner is physically very aifficult. |

The design of an experiment on a linear basis would
allow for accurate removal of the soil by distance and
should be reésonably equivalent to the PST method as long
as the cross sectional surface area of the resin sink was
'theAsame as the resin sphere. The actual design and

methods of this experiment represent a modification of the
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techniques described by Kuchenbuch and Jungk, 1982. The
modifications include adaptation for the use of the 20
Montana agricultural soils In the form of saturated paste

Polyester cloth was glued to one end of a Plexiglas
cylinder, 5.1 cm inner diameter (ID) and 2.0 cm in height
Two such cylinders, A and B, were exactly filled with
saturated paste soil and a Plexiglas plate was placed on
the open side.

The cylinders were inverted and a third Plexiglas
cylinder, hereafter referred to as the center ring, of
identical ID but 0.6 cm iIn height was placed on the cloth
surface of one cylinder. The center ring was exactly
filled with wet H/OH resin. The second ring was then
placed cloth side down on the center ring and the entire

apparatus was secured with rubber bands (Figure 5).

Plexiglas Plate

20" m SOIL

Polyester Cloth

! Q0.0-0-QQ 00-Q0 00 AGs
6 mm 0c000Sd O ° RESIN 0% 8 O0C

008 0.800.00..9g% c90Q0..8 X

20 ~mm SOIL

Plexiglas Cyllnaer

5L mm

Figure 5. A schematic illustration of the soil ion
extraction device used iIn this experiment.
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‘ The entire apparatus, or extraction device, was placed
into a‘plastic bag. One to 2 mls of ddw were added to the
bag to prevent any possibility of evaporaﬁion from the soil
or resin. The evaporative process would influence the
extraction by mass flow, therefore, extra stéps for
prevention of that possibility were required.

The bagged extraction device was placed intoc a
controlled temperature chamber at 30 °C. Three extractibn.
devices were made for each soil thereby providing three
replications for the experiment. The reported data are the

means of these replications unless stated otherwise.

The extraction devices were removed from the x

temperature chamber after 96 hours. The device was taken 4

from the bag and soil cylinder A was carefully separated
from the center ring. The resin of the center ring was
then carefully transferred to a clean beaker.

An additional Plexiglas plate was placed on the cloth.
face of so0il cylinders A and B, and secured there with
rubber baﬁdsl The cylinders were then placed in clean,
labeleq whirl pack bags and placed in a freezer. Freezing
was néc;ssary for accurate_removal of soil at specifﬁc
distanéeé. |

The resin was washed with ddw to remove any soil
partiéles, tied .into a resin bag sphere, stripped and
analyzed as per standard PST methodology.

‘The.frozen soil cylinders were removed from the
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freezer in groups of 18 so they would not thaw before
completion of the soil removal. - A single cyiinder.waé
handled at a time in the following steps. |
1. The‘Plexiglas‘ring was carefully warmed'just

| until the still frozen soil core could be rgmoved.

2. The core wés inserted into a plexiglas cylinder
that was fixed to a micrometer with a plunger the
size of the soil cofé. a

‘ 3. The core was éligned such that the soil face that.
héd been adjacent to the resin in the extraction
device was flush with the open end of the
micrometer cylinder. The core was then pﬁshed out -
1 mm and the soil was sliced off with a sharp
stainless steel french knife. The removed soil was
caught in a p.*re—xﬂreig‘ned,I clean, labeled plastic
pan. This step was repeated until a total of 5 mm

- of soil had'ﬁeen removed as 5 individual slices.

4. The soil core was removed, -turned around,
‘reinserted, and an approximafely 2 mm slice was
removed, hereafter referred to as the 6£h sliée._

5. The micrometer cylinder was then.wipéd clean prior
to insertion of the next core.

6. The microméter device was dismantled and washed
with ddw between each new soil.

The scil slices were allowed to air dry under a

covering of paper towels. The pans were then weighed and

Y




123
the soil was crushed and mixed.

The 51de A samples were analyzed by the standard s011
testing methods for P, K, and S. The side B samples were
-Aanalyzed by the following batch extractidn“procedure.

1. A 1g aliquot of air dry soil was placed.inﬁo a 30
ml screw cap tube. '

‘2. A resin bag contalning the volume equivalent of 1 g
dry weight of H/OH resin was added to each‘tube.

3. A 45 ml aliquot of ddﬁ was added to each tube and
then the tabes were capped and shaken end to-end
for 2 hours. .

4. The resin bags were then removed and rinsed with

N TR

ddw. They were immediately stripped with 50 mls
of 2 M HC! and analyzed as per standard PST

procedure.

Calculations

Thfee terms representing soil flux were calculated
from these data. The most accurate flux term was based .on
the concentration of the center ring resin as per:

Jd, = Flﬁx = §s1n concentration of P, K, or S in

umol cm 1 divided by 2. Division by 2
represents flux resulting from a single side-
of the device.

The batch method and the standard soil test method analyses

of the thin slices do not directly relate to the sink

extraction process of the center resin ring. Therefore a
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flux term for each analytical method was created as per:
Jgtq = Flux calculated from sgandard soil extraction
method as Q in umol cm divided by time in s.

Jbat = Flux calculated from batch resin extraction
method as Q in umol cm © divided by time in s.

where Q is derived from standard or batch as'per:

5
, ' 5 { A Z(dw) , 1}
Q = ('Ci)Gth X Z(dW)n - 2{(Ci)n X nFle—m———— }
: n=1{ 5 3
(MW) ; x unit area.(cmz)
where:
(Cy)p = concentration of the ith ion as ug g-1 in nth
slice. .
(dw), = dry weight of soil in nth slice.
(Mw); = MoleculaE Weight of ith ion.
Q= umol cm “. '
S, =

345600.

In other words, the total amount of K from O to .5 cm at
fime zero is referenced to the 6th slice (at 1.9 cm
distance from the resin sink this soil portion was aésumed
to be beyond the influence of diffusion within a 96 hour
time frame). The time zero total concentration minus the
concentration remaining aftef 4 déys represents'the flu# as
measured by a particular soil testing method. |

The diffusion gradient was derived by linear
regression where umol per uqit volume by a given soil test
as the dependent variabie (Y) was regressed with cm |
distance as the independent variablé (x). The slope of the

line then represents the chemical concentration gradient
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term at any point along the line. The soil test method
that generally showed best fit for the linear regression

across all 20 soils was used to calculate the diffusion

coefficient for each'soil by usihg Fick's first law as:

o | 1
Ji = _Di X dCl dD .
where:

Ji = Flux of the ith ion, umol‘cm*zls_l.
D; = Diffﬁsion coefficient for ith ion in cm? s71.
acy ap™1 = Cpncentfation Gradiggt, §}ope from linear
regression, umel cm cm

Linear and quadratic regressién equations were
executed for all soils, elements, and soil test methods
using umol per unit. volume as.Y and cm as X. Sﬁil data of
concentration by distance should normélly éxpress a tfend
relation in accordance with Fick's Laws of Diffusion, wheré
changes of concentration (moving away from'the resin sink)
diminish with distance. The trend shouid be described
reasonably wéll by a quadratic equation.. The soils of this
study ﬁhich cénnot be deééribed'well'by quadratic

regression should be considered to have high experimental

error.

Results and Discussion

The Linear Resin Sink Device Versus the PST Method

The similarity of the linear extraction device of this

experiment £o the spherical device of the PST method was .
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tested by regfessing the center ring resin concentration
against the mean concentration of the 3 and 5 day PST
extraction (Table 58). The high correlation of the K and S
equations. indicate similérity between a linear extraction
and a spherical extraction device. o
Table 58. Mean center ring resin concentration of'P, K,

and S, divided by 2, in linear regression to

the 4 day calculated mean concentration of
PST P, K, and S for 20 soils.

All Variables = Concentration in the stripping solution in

mg 17 -,
Element : Eguatioﬁ ‘ RZ Prob>E
K, = -0.007 + 0.871%HOHK® .877 0002 -
S, = 1.029 + 0.750%HOHS® 949 .000%
P, = 1.240 + 0.438*HOHPC® 603 | .ooqi

Kr, Sr, Pr : Center ring resin concentration of K, S, and P
respectively at 96 hours.’

PST HOH resin K concentration mean at 96 hours.

: PST HOH resin S concentration mean at 96 hours.

c : PST HOH resin P concentration mean at 96 hours.

oo

The MOdifying coefficient for the PST concentrations
(HOHP, HOHK, and HOHS) are less than 1.0 for two reasons.
First, the increase in concentration from 3 to 5 days
(actual measurement times) for PST is curvilinéar,
~therefore, a simple mean taken from-day 3 and 5
concentrations is ap.overéstimate of PST concentration at
96 hours. Second, thé amount of soil involved in the
supply of ions to the spherical sink is greater than the

linear sink at equal iinear distances away from the
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respective surfaces. Therefore, a larger volume of soil is
under the influence of the peak potential. near the resin
surface in a spherical system. |

The reason the concentration difference between linear
and sphericdl is greatest for P may be related to the lower
mobility of P in soil verses K and S. The magnitude of
differencelbetween linear system P and spherical system P
was not consistent from soil to soil. This accounts for
the weaker r—square value of the P model. Considering the
weak affinity of OH charged anion resin to phosphate it is
not surprising to sée a device that forces more soil into a
zone of peak potential difference to obtaiﬁ a greater
concentration of P.

Although differences between the two extraction
techniques are evident, the relation of Iinear to spherical
is strong for K and S. The two systems are not parallel

for P extraction ability.

Chemical Concentration Gradient Derivation Resulté

Identification of the chemical concentration gradient
term required a regression of concentration per slice area
to distance from the resin sink. The initial trial of

3 as. Y with cm as

linear regressions of P, K, and S umol cm~
X showed such poor correlation that the entire experiment -
was potentially worthless.

Inspection of the regression data set revealed that

the cause of poor .linear regression correlation was due to
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abnormally high umol values for the 0 to 0.1 cm slice.
Close scrutiny of the raw data revealed fhe dry weight for
the first slice was often greater than the second slice,
while the concentration of the first slice was consistently
lower than the second. Thé small amount of weight obtained
per slice made the calculation of umols extremely sensitive
to experimental errors regarding soil dry weight.

The sampling process assumes .that a 0.1 cm slice is an
exact distance, but the dry. weight data indiéated.that the
first slice was often slightly more than 0.1 cm.
_Therefore: the. mean wgight of 0.1 cm was calculated from
all of the 0.1 cm slices of side A per soil and all of the.
slices of side B per soil, respectively. The side A and B
. mean slice weight was then respectively applied to the
calculation of umol per slice. "This improved thé linear
regression correlation coéfficients for K and P (Tables 59
and 60).

The correlation coefficients for S were still

unacceptably low and indicated the experimental method was

not appropriate for characterizaﬁion of 5 diffusion
dynamics (Table 61). ‘

' Tﬁe P, K, and S data for every soil were better
described by a quadratic equation. The improvement of'r—
square from linear to quadratic equations for K and P
standard methods was largely a reflection of the

characteristic diminishment of chemical concentration with
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K umol cm™

Table 59. Linear regression equations of K.i4 and K, .,
(Y) with distance (X) of 0.1 to 8% em P2
for 20 soils.

SOIL 5 _Ssta § _pat__

! EQUATION RZ POF EQUATION R%2 P>F
1 }Y§= 13.67 + 7.15%cm .95 .01 } 12.23 + 6.34%cm .60 .01
2 E Y= 7.56 + 4.52%cm .76 .05 ! 8.10 + 7.02*cm .94 .01
3 } Y= 10.54 +13.09%cm .75 .06 ! 7.92 +14.39%cm .82 .03
4 }‘Y= 6.32 + 5.66%cm .81 .04 3 7.31 + 3.60%cm .52 .17
5'§ Y= 10.26 +10.00%*cm .92 .01 } 13.45 + 5.09%cm .68 .08
6'} Y= 6.80 + 7.72%cm .78 .05 } 7.16 + 4.69%cm .50 .18
7 } Y= 5.46 + 6.14%cm .94 .01 } 5.38 + 6.87*cm .63 .10
8 } Y= 9.96 + 9.13%cm .65 .10 } 12.13 + 5.10%cm .40 .25
9 } Y= 3.78 + 4.84%cm .90 .01 }A 3.16 + 5.93%cm .95 .01
10} Y= 6.34 + 8.57*cm .80 .04 } 4.05 +12.02%cm .97 .01
113 Y= 10.21 +10.72%cm .94 .01 } §.08 +10.37%cin .88 .02
12} Y= 10.32 + 6.08%cm .74 .06 E 10.25 + 3.40%cm .83 .03
133 Y= 6.37 + 7.14%cm .95 .01 } 7.60 + 6.19%cm .90 .01
14} Y= 5.51 + 4.32%cm 93 .01'} 3.79 + 5.33%cm .86 .02
15} Y= 14.13 +15.84*cm .93 .01 % 12.31 +12.86%cm .83 .03
163 Y= 9.49 + 3.03%cm ..37 .28 3 9.17 + 4.36%cm .62 .11,
17} Y= 10.74 + 8.93*cm .95 .01 } 6.16 + 0.75%cm .01 .85
18! Y= 4.53 + 5.46%cm .91 .01 } 6.41 + 3.91%cm .65 .10
19! Y=" 5.52 + 3.4l%cm .86 .02 3 6.11 + 3.67*cm .69 .08
20! Y= 10.57 + 5.74%cm .87 .02 | 13.34 + 0.43%cm .00 .93
a 3
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Table 60. Li - ior -
lnear regression equations of Pﬁtg and Prat

(Y) with distance (X) of 0.1 to
for 20 soils.

cm

umol cm™

SOIL ; _Psta ‘ ; __Prat__

: EQUATION RZ P>F ! EQUATION RZ P>F
1 } Y3= 1.02 + 0.84%cm .78 .05 E Y = 3.44 + 2.10%cm .54 .16
2 3 Y = 0.84 + 0.45%cm .69 .08 3 Y = 3.75 + 0.l4%cm .00 .91
3 } Y = 1.26 + 0.78%cm .58 .13 } Y = 2.31 + 2.75%cm .51 .18
4 } Y = 0.71 + 0.20%cm .59 .13 E Y = 2.47 + 1.02%cm .37 .28
5 } Y = 0.62 + 0.35%cm .61 .12 } Y = 3.61 + 3.64%cm .66 .10
6 } Y = 0.91 + 0.8l%cm .83 .03 }'Y = 1.92 + 2.02%cm .68 .09
7 } Y = 0.71 + 1.26%cm .81 .04 3 Y = 1.74 + 2.76%cm .70 .08
8 } Y = 1.16 + 0.72%cm .84 .03 } Y = 5.26 + 3.23%cm .50 .19
9 } Y = 0.88 + 1.54%cm .84 .03 } Y = 1.30 + 3.79%m .93 .01
10} Y = 0.74 + 0.54%cm .85 .03 } Y = 1.40 + 1.93%cm .77 .05
11} Y = 0.74 + 0.77%cm .84 .03 } Y = 1.71 + 1.78%cm .76 .05
12}'Y'= 1.69 + 2.10%*cm .80 .04 } Y = 4.34 + 3.41%cm .83 .03
13} Y = 1.13 + 0.92%cm .64 .10 3 Y = 4.47 + 4.35%cm .77 .05
14} Y = 1.54 + 1.51%cm .77 .05 } Y = 1.63 + 3.68%cm .97 .01
15% Y = 1.68 + 1.79%cm .83 .03 3 Y = 3.00 + 3.73%cm .89 .02
16} Y = 0.52 + 0.23%cm .20 .45 } Y = 4.04 - 1.62%cm .17 .50
17} Y = 1.69 + 0.33*cm .31 .33 } Y = 4.40 - 0.46%cm .31 .33
18} Y = 0.78 + 0.96%cm .84 .03 } Y = 1.28 + 1.86%cm .81 .04
19} Y = 0.65 + 1.37%cm .85 .03 } Y = 1.74 + 2.20%cm .91 .01
200 Y = 2.11 + 1.44%cm .81 .04 | Y = 5.17 + 1.89%cm .87 .02
a . p 3 - N o
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Table 61l Linear reg?ession equations of Sg¢ and S
(Y) with distance (X) of 0.1 to 8.% em | CoF
for'20‘soils. ‘
50IL i _Ssta : _ _pat |
! EQUATION R% PYF ! EQUATION R2
1 } Y3= 0.21 + 0.06%cm .35 .29 3 Y = 0.51 + 0.1l4%cm .72
2 } Y = 0.28 + 0.37%cm .88 .02 } Y = 0.81 + 0.21%cm .94
3 } Y = 0.30 + 0.38%cm .31 .33 } Y = 0.59 + 0.24%cm .33
4 } ¥ = 0.21 - 0.16*cm .54 .16 } Y = 0.80 — 0.09%cm .13
5.3 Y = 0.30 + 0.16%cm .61 .12 } Y = 0.90 - 0.06%cm .00
6 } Y = 0.19 - 0.0l*cm .00 .98 } Y = 0.77 — 0.22%cm .36
7 } Y = 0.20 + 0.18%cm .39 .26 },Y = 0.68 — 0.02%cm .01
8 } Y = 0:59 - 0.54%cm .54 .16 } Y = 0.67 + 0.15%cm .12
9 } Y = 0.21 + 0.12%cm .42 .24 3 Y = 0.66 - 0.31%cm .38
io} Y = 0.21 + 0.0Sgcm'.04 .75 } Y = 0.61 + 0.45*cm .86
11} Y = 0.21 + 0.17%cm .75 .06 E Y =0.73 - 0.09%cm .06
12} Y = 0.41 + 0.60%*cm .84 .03 g Y = 0.80 + 0.59%cm .60
13} Y = 0.62 + 0.73%cm .93 .01 } Y. = 1.48 ~ 0.83%cm .11
14} Y = 0.18 + 0.08*cm .30 -.34 } Y = 0.53 + 0.22%cm .67
15} Y = 0.13 + 0.22*cm .74 .06 } Y = 0.60 + 0.14%cm .33
16} Y = 0.62 - 0.26%cm .36 .29 3 Y = 0.73 + 0.25%cm .97
17! ¥ = 1.62 + 0.23%cm .55 .15 } Y = 1.52 - 0.08%cm .55
18! Y = 0.36 + 0.10%cm .58 .13 EAY = 0.98 — 0.83*cm .78
191 Y - 0.65 + 1.72%cm .97 .01 } Y = 1.21 + 0.56%cm .41
200 Y = 0.28 + 0.64%cm .98 .01 | Y = 0.67 + 0.35%cm .45
a . g 3 T - T

umol cm .

.07
.01
.31
.56
.89
.29
.86
.57

.27

.02

.70
12
.58
.09
.31
.01

.15
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distance in_a manner consistent with Fick's Laws of
diffusion. This trend of the raw data was nét applicable
to 9, which had few well relafed linear trends, some of
which had negative slope terms. |

In one sense, the better fit for the quadratic
equations would indicate a &iscussion of the chemical
concentration gradient for the majority of soils should.be
based on the quadratic regression equation. The quadfatic

equation can be expressed as per:

AX? + BX + C.

Y =

where:
Y = umol x cm™3,
X = cm.

A, B, and C are constants.

The first derivative of the equation allows for calculation

of the driving force as per:

dy x ax~! = 2ax + B.

.This equation produces reasonably accurate Values»for

the chemical concentration gradient at exact distance
points.along the line from approximately 0.0S‘Cﬁ to 0.45
cm. . It is not appropriate for derivation of a single term
which represents an "overall" chemical concentration
gradient. A calculation and discussion of se§era1'specific

concentration gradient values for each soil, for several
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distance~pdints from 0.05 cm to 0.45, for each element, for
each soil test method, would be Qalid but is not necessary
to meet the objectives of the experiment. The slope term
of the linear regression is valid and applicable estimate
of the overall gradient so it was used in this study:

The lineér correlation coeffiéients for the standard
methods were superior to those of the batch method.
Therefore, linear regression slope ferms for the standard
soil test extraction methodsvwere used with the center
resin ring flux values, Table 62, to calculate diffusion
coefficients for the 20 soils (Table 63).

The listed diffusion coefficients for P are in the
range of 16—6 to 1077. This rénge is one.order of -
magnitude higher.than effective diffusion coefficient range
of 1077 to 1078 published.for'corn (Zea mays L.) grown in
pots under controlled environment conditions (Anghinoni and
Barber, 1980; Schenk and Barber, 1979).

The order of magnitude difference is very appropriate
because this experiment was conducted under conditions of
high temperature relative to greenhouse conditions, high
moisture relative to tﬁeir gréenhouse soils, and the 20
soils were genefally high in residual P. Also, the
diffusion coefficient of P iﬁ water is .89 x 1072 cm? sec™!
(Schenk and Barber, 1979). All of these experimental
conditions favor diffusion and the coefficients would

therefore be expected to fall between values published for
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Table 62. The measured values of K, P, and S center ring
resin flux at 96 hours on 20 soils.

Flux units are umol cm 2 s~1,

SOIL K FLUX® P FLUX® S FLUX®
-—— 1076 -
1 9.92 0.73 0.52
2 4.64 0.64 0.41
3 9.60 1.85 0.88
4 5.24 1.23. 0.58
5 11.14 0.88 0.66 .
6 6.78 1.55 0.60
7 7,72 0.76 0.78
8 8.50 1.10 0.62
9 4.70 1.62 0.66
10 6.89 1.47 0.68
11 8.04 0.90 0.51
12 6.45 0.97 1.37
13 5.08 0.65 0.48
14 2.47 1.38 0.57
15 13.95 1.39 0.76
16 5.55 0.56 0.38
17 10.95 0.46 0.70
18 7.38 1.50 0.56
19 5.47 0.81 3.03
20 8.58 1.46- 1.41

& . Center ring resin K, P and 5 flux, respectively.

water and soils used in actual plant growth studies.

The range for K diffusion coefficient range for soil

was listed as 1077 to 1078 by Barber in 1974 )The

diffu51on coefficient for K in water is 1 98 x 10 5 " The
range for K data from this experiment, 1076 to 1077 is also
generelly one order higher than greenhouse eOil and one
order below pure water. |

The diffusion coefficient values for S were not
calculated because the regression data were weak and any -

chemical concentration gradlent term used for calculation
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Table 63. The measured linear regression derived values of
K and P chemical concentration gradient, .
(effective distance from .5 to 4.5 mm) and K and
P derived diffusion coefficients for 20 soils.

Potassium Phosphorus
SOIL D dc dp~! D, acap”t
1070 101 ' 1070 101
1 1.39%  7.15P 0.87¢ 0.844
2 - 1.03 4.52 1.43 0.45
3 0.73 13.09 2.36 0.78
4 0.93 5.66 6.41 0.19
5 1.11  10.00 2.48 - 0.35
6 0.88 7.72 1.91 0.81
7 1.26 6.14 0.61 1.26
8 0.93 9.13 0.22 5.11 )
9 0.97 4.84 1.05 1.54
10 0.80 8.57 2.69 0.54
11 0.75 10.71 1.17 0.77 S
12 1.06 6.08 0.46 2.09
13 0.72 7.14 0.70 0.92
14 0.57 4.32 0.91 1.51
15 0.88 15.84 0.77 1.79
16 £ 1.83 3.03 " 2.48 0.23
17 1.23  8.93 1.39 0.33
18 1.35 '5.46 1.55 0.96
19 1.61 3.41 0.59 1.37
20 1.50 5 "1.02 1.44

.74

a : Dk diffusion coefficient derived from ammonium acetate
K gra%1en§ term and center ring resin flux,
in cm

b : dC db-1 or KBETA %mmonium acetate K linear regre551on
slope, in umol cm

c :"'Dp diffusion coeff1c1ent derived from sodium
blcarbonate P g{adlent term and center ring resin
flux, jn cm?

d : dC dD " or PBETA sodium bicarbonate extr?ctable P

: 11near regre381on slope, in umol cm ~ cm

of DS would be invalid. The S- flux values are in the range
of 1077 which is approximately one order of magnitude below

the P .flux and two orders below the K flux values for this

experiment. Soil concentrations of available K, P, and S
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normally fall into a similar relative scale. So, although

the DS was not calculable, the flux values appear to be

reasonable.
These comparisons indicate that the experimental
method yielded data normal for the conditions of the

experiment and comparable to outside research.

The Analytical Method Relation to Resin Flux

The center resin ring flux in umol cm™ 2 s_l represents

the actual amount of ion moved from both soil side A and B
into the sink. When the center resin flux is divided by 2
it represents the truest measure of flux of a single side
by assuming equal contribution from either side. The
linear regression of centef ringvflux with both the flux
calculated from standard soil test extraction, and the flux
calculated from the batch extraction allowed for direct
comparison of the two soil extraction methods (Table. 64).

The only method that was even reasonably close to
approximating center ring resin flux was the standard
ammonium acetate K. All other methods showed poor
correlative value and/or poor probability.

The batch method accounted for more quantity removed
from the soil in every case, but the modif?ing coefficients
for batch P (0.02) and S (-0.03) flux. indicate the batch
method severely overestimated true flux. The modifying
coefficient for each standard method flux was in excess of

1.0 which indicates an underestimation of true flux.

I -
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Table 64. Linear regression equations for flux as taken
; directly from center ring resin concentration
and as calculated from standard and batch
method concentrations for 20 soils.

Flux units are umol cm™ 2 s™L.

Equation R2 Prob>F
Potassium
Jy= 4.99E-7 + 3.37*%J 44 .807 .001
Jp= 2.95E-6 + 2.41%Jp_¢ .363 .005
Phosphofus
Jp= 8.02E-7 + 1.34%J 44 ‘ .095 .186
Jpr= 1.04E-6 + 0.02*%Jp ¢ .002 .847
Sulfur
J,e= 3.04E-7 + 5.61*J 14 477 , .001
Jpy= 8.92E-7 - 0.03%Jp ¢ .003 . .831
Jp Flux of center ring resin. '

Jpat ¢ Flux calculated from batch extraction. .
Jgrqg @ Flux calculated from the standard methods of
" ammonium acetate K, sodium bicarbonate P, and
ammonium acetate S, respectively.

The poor correiation of standard P fiux to resin flux
fosters doubt regarding the applicability of the chemical
concentration gradient term and the diffusion coefficient
term generated from the standard P daﬁa.

' Linear regression anal?sis was performed using the
check plot, percent P of 7 soils from the growth room
expefiment of the previous. chapter és the dependent
variable; Independent variables included center resin ring
flux, standard test method flux, batch tesf method flu#,
the diffusiqn coefficient, and the dC dD™ term called PBET§

- (Table 65).
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Table 65. Linear regression equations for relation of
growth room check tr?atment percent P with

flux, Dp, and dC 4D+ terms.
" Flux units are gmol em™2 s”L.
D uni%s are cm® st
d8 dD”' units are umol cm 2.
Equation | _ RZ Prob>F
P % = 0.049 + 130486*J,. 1,309 .195
P % = 0.047 + 580582%J 44 235 .270
P % = 0.278 + 37075*J ' .103 .482
P % =0.025 + 0.139%PBR¥A © 678 " .023
P %= 0.300 — 100764*De, . 240 . 265
Iy Flux of center ring resin. '

Jpat @ Flux calculated from batch extraction.

J : Flux calculated from sodium bicarbonate P.

EE%A Linear slope of sodium bicarbonate P umol cm
(Y) with cm (X). ,

3

The percent P in the check plot ﬁreatment of the
growth room experiment is not predictable by the flux terms
or diffusion coefficient terms. The PST method.using H/CH
resin was shown to be a poor predictor of percent P in tﬁe
previous chapter. Since the flu_xand_Dp terms are directly,
related to the removal of sdil P by HOH resin, the'lack of
relation of all flux terms and-Dé to percent P indicated
that the HOH resin in linear or spherical form does not
mimic a plant root sink very well and is not a good index
of phxtoavailablé P. ft shouldlbe noted that the
conditions chosen for this experiment were not intended to
simulate plant uptake directly.

The good correlation for fhe chemical céncentration
gradient term, PBETA, to pe?cent P indicates that aﬂ

experiment such as this probably can be used to develép
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diffusion terms related to plant uptake if an appropriate
inorgahié P test is used to derive the chemical"
concentration gradient term and a more suitable resin or
actual plant root sink is used for the experiment.

A maxr regfession'analysis was performed using PBETA

as the dependent with 26 soil physical and chemical

measurement variables, including Olsen and Bray P, as

independents (Table 66). A single variable equation using

Table 66. Maxr regression analysis with the chemical
concentration gradient term, PBETA, as (Y) and
26 indépendent soil chemical and physical '
measurement variables as (X) for 20 soils.

Dependent ' )
Variable Equation | RZ  POF

PBETA = —-2.87 + 0.04*%0P - 0.04%CL + 0.21*MLS ‘ .817 .0001

PBETA : Linear regrgssion slope of thin slice concentration
in umol cm ~, Y, agd diftance in ¢m, X, final
units are umol cm ~ cm - = dC 4D *. 1

CL : Clay percent in soil in g cg

MLS : Absolute ddw mls used in 50 g of soil.

the saturated water content of the soil, MLS, was highly
significant and positively related (r-square = .671). This
meané the chemical concentration gradient'is steeper with
respect to distance on soils with higher moisturé coq;ents.
The additional model terms of pefcent‘clay, CL, and sodium .

bicarbonate phosphorus, OP, were both positively correlated

to PBETA in simple correlation. Saturated water content is

positively.relafed to clay content so the CL term of the

model is .a redundant expression. The OP data relation
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indicates that the greater supply of sodium bicarbonate
extractable P the steeper the Qradient.

.The general message of the model is steep gradienﬁs
resultlprimarily from soils which require more wafer for
saturation (high clay, high‘organic matter) and secondarily
from soils wiﬁh high extractable P. |

Regressions were conducted for K flux, D and the

e’
chemical concentration gradient term, KBETA, of the check
plot greenhouse experlment percent K rate (Tabhle 67).
Table 67. Linear regression equations for relation of

greenhouse check. treTtment percent K with
flux, Dy. and dC daD terms for

20 soils.
Flux units are %mol cm 2 s 1.
units are cm
d% units are umol cm 4.
Equation RZ " Prob>F
K% = 2.47 + 151005*Jr .670 .001
K% = 2.57 + 492052*Jstd .489 .002
K% = 2.91 + 38467*J : . .208 .066
K% = 2.80 + 0.184*KB%%A .421 - .005
K% = 3.36 + 226238%Dy _ o ;017 T .615
J Flux of center ring resin.

Jbat : Flux calculated from bhatch extraction.

J : Flux calculated from ammonium acetate K.
EE%A Linear slope of ammonium acetate K umol cm
(Y) with cm (X).

-3

The percent K in the check plot treatment greenhouse
experiment plants was most strongly predicted by the
center ring resin flux equaﬁion. The center resin ring
flux was a much better‘predictor of pereent K than either

ammonium aeetate or batch extraction methods. This‘result
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supports the conclusion that an H/OH resin based soil test
is superior for assessment of phytcavailable K. | .

Inspectiop of the modifying coefficient values for. the
flux terms reveals that ammonium acetate extracts the least
amount of total K from the soil while ihe batch extraction
removes an order of magnitude more than the other two
methods. These modifying values are in relation to plant
uptake in percent so.they are not aBsolute quantities.
However, as plant uptake related terms, the difference
between the methods shows the H/OH center resin ring
extracts more of ﬁhe actual phytocavailable K than thé ﬁther
methods. The H/CH resin sink appeared to be a much better
substitute for a plant root sink for experimental |
characterization of K diffusion than.was.shown for P
becauée of the resin sink's sensitivity»to phytoavailable K
d?namics;

The éheﬁical concentratién gradient term, KBETA, 1s
not as sfrongly related to percent K as the PBETA term was
to percent P. KBETA does account for 42 % of the
variability .about the percent‘K line as a sjngle term and
it is highly significant in probabilityﬂ

The grédient term, KBEfA, was used as the dependent
variable for maxr regression with 26 soil chemical and
physical measuremeﬁt jndepehdent variables (Table 68). .

This equation is'identﬁcal to the K by PST HOH

extraction concentration equation presented in the previous
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Table 68. Maxr regression analysis with the chemical
concentration gradient term, KBETA, as (Y)
and 26 independent soil chemical and physical
measurement variables as (X) for 20 soils.

Dependent ’ Equation ' R2 P>F

KBETA = -0.49 + 30.5*PARSAT — 1.14*KNEX + 0.02*N .
. .670 .0004
KBETA : Linear regr3351on slope of thin slice concentratlon '
in umol cm ~, Y, agd d1§tance in_¢m, X, final .
units are umol cm = dC dD™
PARSAT : Saturated extract K X ((Ca 4 Mg)/2) "3
_ where K, Ca, and Mg units are cm?l 1 1
KNEX : Nonexchangeable soil K in cmol kg
N = Extractable soil nitrate in ug g -1

chapter. This is a strqng indication that even though
ammonium acetate extractable K was used for direct
calcalation of the dCy term, theugradieﬁt relationshlp is a
function of HOH extraction by the resin sink. Ammonium
acetate K can be appropriately used for identification of a’
chemical cencentration gradient."However, this method
limits the direct appllcabillty of the gfadient‘and_
diffusion coefficient terms to true phytoayailability
relationships. |

The diffusion coefficient term was not well corfelated
to percent K 1n the plant This may be related to the
~cond1t10ns of the experlment which optimize d1ffus1on of K
via high temperature and high water content. It may also
be related to the fact that 96 hours may not be sufficient
for sampling the chemical concentratlon gradient in order
to derive a diffusion gradient term representative of

greenhodse plant uptake of K. It may also be related to
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the possibility that buffering capacity is more important
than the diffusion coefficient under experimental
conditions which optimize diffusion. These possibilities'
cannot be offered as cqncrete explanations because the
experiment was not designed to produce data‘fqr in depth’
investigation of this dériﬁed term. However, considering
the positive relations of resin flux and KBETA to
phytoavailability, the lack of Dy relation would be a
worthwhile topic fér further study.

The S data were not used for similar regressions
because the SBETA derivation from either the standard or
‘the batch data would not be valid. The failure of this
experiment with respect to S was attributed in part to the
poor relation of the standard S procedure to phytcavailable
or resin adsorption avaiiable guantities. The low
concentration'of S relative to P or K may reguire more
sensitive analytical techniqueé in order to appropriately
investigate S diffusion dynamics. |

The flux, concentration gradient, and difquion
coefficient terﬁs were introduced into the independent
variable pooié of the'percentrand uptake maxyr regression
models presented in the previous chapter. 1In ail cases the
new terms did not chadge thé resultégt equations except for
a direct substitution for-HOH resin concentration mean.
values by related flux wvalues. TheSe substitutions did not

improve the r—-square significantly in any case.
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Similar trials using maxr regression with the flux
terms as dependents resulted in identical equations to
those of the previous chapter where HOH RAQ variables were
used as dependents. Diffusion coefficients were not

significantly correlated with any soil variables.

Conclusions

The linear extraction device was found to extract less
P, K, and S than the spherical extraction device used in
the PST method. Despite the difference, the relation of
the linear system extraction to PST was strong for K and 5.
The linear system was not as well related to PST P. The
different quantities of P, K, and S extracted were the
probable result of the calculations involved and the
different volume of s0il din the region of the peak chemical
potential, nearest the resin sink surface.

The data for S were not suitable for characterization
of diffusion dynamics by this experimental method. The
data for P and K were suitable for this purpose but their
reliance on standard method assays for determination of
chemical concentration gradients limited £he applicability
of the diffusion terms to phytoavailability.

The batch method for P and K was an overestimation of
center resin flux, while the standard methods were an
underestimation of resin flux. The.data for P and K

diffusion coefficients did fall into a reasonable range for
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the conditions of the experiment.

The P chemical concentration gradient was related to .
water holding capacity and. sodium bicarbonate extfactable
P. The K chemical concentration gradient was related to K
equilibrium dynamics in identiéai manner as the PST method
extraction concentration.

Linear extraction center resin ring flux was as géod a
predicfor of plant percent concentration as the spherical
extraction by the PST method. The PST method was
previously shown to be superiér'to standard methods for
_prediciton of K and S phytoavailability. This improvement
is probably due to the similarity of resin sink flux |

dynamics to root flux for these two nutrients in Montana

soils.
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GENERAL SUMMARY

Characteristics of PST

The Phytoeveilability Scil Test, PST, is a simple
multielement soil test which measures the quantity of
nutriept ions diffusing to an effectively infinite ion
exchange resin sink under saturated soil conditions.

The PST method was shown to be independently sensitive__
to P, K, and S 1in terﬁs of resin adéorpﬁion'quantity, ﬁAQ,:
and resin adsorption rate, RAR. The RAQ of each element ;
increased with time in a manner consistent with the ‘
diffueion dominated.ex;raction process. ' Potassium and 3
increased with temperature in a manner consistent.with the
diffusion dominated extraction, but RAQ P. increased only in
the‘extreme range of temperature treatments. The dominant
influence on RAQ for each element was the inorganie
concentration equilibrium which consistently depended on
the dynamics of Ca in conjunction with guantity and
inteﬁsﬁty of the elemént under consideration.

biffusible S increase resulted from release of S
to s0il solution by a variety of mechanisms including
mineralization, soil solution chloride concentration
increase, and soil solution'phosphatese enzyme presence.
Increases of RAQIK were consistently coincident to

increases of RAQ S. The trend relationships of RAQ K and S
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,suggests a release of_K to soil solution probably caused by
the étifactive force of excess ﬁet negative solution
charge. The use of tetracycline solution in the PST
extraction was found to be an eaéy and effective method for
study of mineralization concentrationldynamics in saturated
soll.

The PST method was successfully characterized for K in
terms of physical chemistry‘by aﬂ experiment specifically
designed to measure flux and chemical concentrafion
gradient in order to derive diffusion coefficients. A
Piexiglas ring filled with HY/OH™ resin, held there by g
polyeéter cloth covered rings of soil oﬁ either side, ’;;
allowed for ion extraction where the chemical concentrafion
gradient could be estimated by chemical concentration assay
of thin slices of the soil at specific distance intervals.

The flat resin sink procured less P, K, and 5 than the
spherical resin bag sink of the standard PST method. The
RAQ K and S daté of the two sink shapes'were highly
correlated. The RAQ P Qf the two sink shapes was not as
well correlated due to soil volume differences within the
‘zone of peak potential of the sink which resulted in
greatef extracted quantity by the sphere.

The P, K, and S flat resin sink concentration data
calculated as flux were compared to 6utside research data
for ion flux to plants grown under coﬁtrolled environment
conditions. The center resin flux data were comparatively

within a reasonable range with respect to the standard
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conditions of this experiment that optimized diffusion by
using water saturated soil and 30 °C temperature. The
diffusion coefficients for P and K were also within a
reasonable range for the conditions of experiment. The
linear extraction RAQ.data were equal tco PST data with
respect to relation with plant uptake, plant nutrient

concentration, and soil property models.

Comparative Value gi PST and Standard Soil Tests

The PST extraction method using H*/OH™ resin was
superior to standard methods for the prediction of plant K
uptake, percent K, S uptake, and percent S. It was found
to. be inferior to both the Bray and Olseﬁ P tests for plant P
uptake and percent P. The use of H+/Cl- resin is not
recommended because of confounding effects of acid base
reactions with calcareous soils, release of S by chloride,
and extremely weak affinity of Cl- charged anion resin
toward phosphate adsorption; The use of tetracycline
solution for preparation of the saturated paste does not
significantly improve or decrease relations of P, K, or S
to plant nutrient uptake, but can be used effectively-to
assay mineralization conversion of S to diffusible forms.

The data clearly indicated that the H+/OH_ resin PST
procedure was a direct measure of phytoavailable K
quantity, but this measure alone did.nqt,totally»explain
the amount of K obtained by plaﬁts from fhe soil.

Incorporation of terms related to diffusion pathway
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resistance improved the prediction value to 94 % for K
uptake and percent K on 17 soils.

The data clearly indicatéd that the HY/OH™ resin PST
procedure was a direct measure of phytocavailable S
quantity. The RAQ S term alone has a predictive value of
89 % for plant S uptake and 84 % for plant percent S on 7
soiis.

The PST method was not a good predictor of any plant
P response parameter. Tﬁis was a function of the weak
affinity of the resins used toward phosphate. The Bray P
test result alone has a predictive value of 76 % for plant
" percent P and 88% for P uptake on 7 soils. The parameters.
of the experiment contained a built in bias in favor of
higﬁ'correlation by the standard methods.

The superiority of the PST method versus the standard
method for K and S is due to the fact that RST extraction
adsorbs all the diffusible ion forms of a nutrient and is
sensitivg to influence by factors of éoil concentration
equilibria and diffusion rate in a manner similar to plant
roots. The standard methods are not sénsitive to these
influences and are extractions of spécific element
fractions representing a variable portion of the soil's

phytoavailable nutrient pool.

Applicability of the PST Method

The PST method does assay soilAphytoavailable K and S

in a manner consistent with Fick's laws of diffusion. As
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such, this method could be universally successful in any
frégion, but it must first Dbe tested on_sbils of those’
regions to verify improvement over cqrreht procedures . and
to calibrate the method to regional factors of soils,
climate, and crop management practice.

The PST method is an improvement ovér standard methods
for indexing phytoavailable K aﬁd S on representative
“Montana agricultural soils. It needs té bé calibrated to
field fertilizer rate resboﬁse data in both cases, but it
should_first be tested for S\rejations to plant uptake on
additional scoils iﬁ a controlled environment setting.
Duplication oﬁ controlled environment experiﬁegts relating
. PST RAQ of K and S to soils of different regioné'should be
éttempted_as soon. as feasibly possible because a trué need
'fdr an imprdved K soil tesf exists now in the western
United States, and a deséerate need exists in the entire
United Stétes for an improved S soil test;

Researbh must 5e continued to identify and
charac£erize a mixed bed ion exchange resin which has
strongef affinity to phosphate than thosé used in this.
research. Soils low in labile P should be found for usé ;n
this work but the final product mu§£ se?vé as an adcuratel
soil index to phytoavailable P on soils both high and 1oﬁ
in residual supply.

Methods»research should be continued to develop a
sphericallor cylindrical mixed bed‘resih bag which.can be

easily and completely cleaned of attached soil particles.
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Until such a process is developed, great care must be takeﬁ
to avoid soil particle contamination of the stripping
'solution.

Selection of the spherical or planar form of the
effectively infinite exchangeable ion sink was not critical
to the success of PST.toward P, K and S plant availability
but the effect of shape was strongly evident in the.P datg.
Phytocavailable quantity of low mobility or low
concentration nutrient elements (such as P, micro-nutrients
and trace elements, respectively) may be better estimated
by a resin sink which has the ability to simulate the
root's tendency to maximize soil volume in the area of high
potential as a function of cylindriéal shape.

Reductioﬁ—oxidation reactions were not studied but are
assumed to be important factors involved with RAQ S and

should be an interesting topic for future research.
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APPENDIX

Table 69. Sc0il number, series name, and taxonomic

classification of Montana soils used in this

research.

gumber Series: So0il Classification

1 Gerber: fine, montmorillonitic Vertic Argiborall. o
2 Tanna: fine, montmorillonitic Aridic Argiboroll.

3 Evanston: fine-loamy, mixed Aridic Agriboroll.

4 Edgar: fine—lcamy, mixed Ustollic Camborthid.

5 Manhatten: coarse-loamy, mixed Typic Calciboroll.

6 Fort Collins: fine—loamy, mixed, Ustollic Haplargid.
.7 Flathead: coarse-—loamy, mixed Pachic Haploboroll.

8 Bozeman: fine-silty, mixed Pachic Argiboroll.

9 Creston: coarse—-silty, mixed Udic Haploboroll.

10 Chanta: fine—loamy over sand, mixed Aridic Haploboroll.
11 Cherry: fine-silty, mixed, frigid Typic Ustochrept.
12 Rothiemay: fine-loamy, mixed Aridic Calciboroll.

13 Varney: fine-loamy, mixed Aridic Argiboroll.

14 Beaverton: loamy-skeletal, mixed Typic Agriboroll.
15 Kevin: fine—loamy, mixed Aridic Argiboroll.

16 Amsterdam: fine-—silty, mixed Typic Haploboroll.

17 Chinook: coarse-loamy, mixed Aridic Haploboroil.

18 Round Butte: fine, mixed Borollic Natragids.

19 Stryker: fine-silty, mixed Aquic Eutroboralf.

20 Bear Paw: fine, montmorillonitic Typic Argibofoll.

Gallatin: fine—loamy, mixed Pachic Cryoboroll.
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Table 70. Resin adsorption gquantity (RAQ) and resin
adsorption rate (RAR) of P on 20 Montana
soils.

RAQ in mg 1:% of stripping solution.
RAR in mg 171 of stripping solution x DAYS L.

RAQE RARR

S0IL  HOHPC®  HOHTPY HCLP® HOHP HOHTP HCLP

1 6.03 6.58 5.08 1.939 1.217 0.682
2 4.46 4.60 3.83 0.126 -0.144 —0.045
3 11.71 9.19 9.00 4.772 2.396 1.446
4 12.42 11.65 12.74 4.033 3.303 2.558
S 8.30 8.43 5.76 0.875 1.370 0.228
6 14.96 14.23 14.26 5.745 4.836 3.423
7 5.53 4.63 4.25 1.835 1.298 0.603
8 10.65 10.99 7.27 1.925 1.806 0.741
9 11.52 9.75 2.45 5.611 4.341 0.119
10 13.91 12.50 13.03 4.183 3.331 1.203
11 5.47 5.49 7.27 1.387 0.926 0.370
12 9.62 8.83 5.64 3.043 1.277 0.107
13 5.98 5.68 4.78 1.426 0.922 0.109
14 10.20 10.43 6.57 3.324 3.564 1.129
15 11.12 10.20 4.15 3.184 3.608 0.472
16 5.51 4,22 2.52 0.749 0.626 0.294
17 4.66 4.26 4.51 1.042 0.877 -0.206
18 7.01 6.64 3.01 3.260 2.817 0.089
19 3.33 3.83 0.74 1.283 1.411 -0.184
20 12.57 11.37 7.93 4.130 3

.344 -0.243

a: RAQ is the mean of the sum of all replications across
all days.

b: RAR is the linear regression line slope of stripping
solution concentration (Y) and the log of DAYS (X).

c: HOH stands for H/OH mixed bed resin with soil pastes
made with ddw.

d: HOHT stands for H/OH mixed bed resin with soil pastes
made with tetracycline solution.

e: HCL stands for H/CL mixed bed resin with soil pastes
made with ddw.
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Resin adsorption quantity (RAQ) and resin

adsorption rate (RAR) of K on 20 Montana

soils.

RAQ in mg 17} of stripping solution.

RAR in mg 171 of stripping solution x pays~L.
RAQ2 RARD
s0IL  HOHK® HOHTKY  HCLK® HOHK HOHTK HCLK
1 64.48 50.52 97.70 17.816 10.067 40.758
2 28.45 26.12 38.47 8.363 7.000 15.137
3 60.83 50.70 119.56 26.039 21.451 54.077
4 40.38 32.83 81.57 16.576 15.613 48.138
5 65.04 63.62 77 .32 15.657 19.975 27.529
6 55.32 47 .04 99.63 23.304 25.789 49.747
7 55.90 59.61 67.03 26.628 34.723 36.338
8 55.32 55.85 104.94 16.133 17.979 48.015
9 47 .69 43.01 95.25 18.406 20.195 45.869
10 - 52.08 39.26 79.20 20.691 18.130 40.637
11 57.78 49.31 98.77 24.946 18.543 49.536
12. 50.98 40.07 67.87 17.689 5.381 28.131
13 29.30 27 .90 37.74 8.358 6.020 17.187
14 21.01 17.68 31.53 6.966 7.589 15.345
15 91.94 90.88 165.71 32.356 46 .656 79.584
16 35.45 34.78 49.53 12.523 16.012 22.981
17 71.67 86.33 95.35 24.697 40.540 40.829
18 57.25 49.11 67.52 25.377 27.490 36.806
19 29.96 31.75 44 .24 2.667 5.931 20.612
20 71.99 68.14 92.04 20.589 27.954 34.267
a: RAQ is the mean of the sum of all replications across
all days. '
b: RAR is the linear regression line slope of stripping
solution concentration (Y) and the log of DAYS (X).
¢: HOH stands for H/OH mixed bed resin with soil pastes
made with ddw.
d: HOHT stands for H/OH mixed bed resin with scil pastes

made with tetracycline solution.
HCL stands for H/CL mixed bed resin with soil pastes

made with ddw.
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Table 72. Resin adsorption quantity (RAQ) and resin
adsorption rate (RAR) of S on 20 Montana
soils.

RAQ in mg 1:% of stripping solution.
RAR in mg 1 of stripping solution x DAYS_l.

RAQZ RARR
SOIL HOHSC® HoHTSY HCLS® HOHS HOHTS HCLS

1 06.83 1.08 2.58 0.086 -0.017 0.902
2 1.68 1.46 1.64 0.329 0.132 0.437
3 4.30 3.37 3.95 1.565 0.827 1.597
4 1.81 1.69 2.11 1.037 1.086 0.988
3 1.99 2.19 1.65 0.309 0.026 0.635
6 2.28 2.15 3.14 0.919 0.809 1.072
7 3.93 3.21 2.62 1.251 0.976 1.319
8 1.84 1.25 9.54 0.375 0.482 3.959
9 3.82 3.23 12.33 1.557 0.792 7.407
10 1.99 1.42 2.36 0.771 .0.452 0.634
11 1.28 0.94 2.31 0.697 0.286 0.672
12 8.07 5.92 7.43 2.543 0.818 3.399
13 2.25 2.03 1.69 0.532 0.306 0.300
14 2.24 1.88 2.48 0.727 0.610 0.812
15 2.76 2.59 10.39 0.918 0.742 3.775
16 0.92 1.05 6.06 0.472 0.512 2.439
17 3.37 2.92° 2.56 0.733 - 0.490 0.828
18 1.99 1.92 ~1.49 0.658 0.724 0.956
19 15.47 15.37 11.06 4.362 4.895 5.597
20 8.61 7.99 5.30 1.068 1.294 1.821

a: RAQ is the mean of the sum of all replications across
all days.

b: RAR is the linear regression line slope of stripping
solution concentration (Y) and the log of DAYS (X).

¢: HOH stands for H/OH mixed bed resin with soil pastes
made with ddw.

d: HOHT stands for H/OH mixed bed resin with soil pastes
made with tetracycline solution.

e: HCL stands for H/CL mixed bed resin with soil pastes
made with ddw.
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