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ABSTRACT

For more than 40 years, ion-exchange resins have been used to characterize
nutrient bioavailability in terrestrial and aquatic ecosystems. To date,
however, no standardized methodology has been developed, particularly
with respect to the counterions that initially occupy resin exchange sites. To
determine whether different resin counterions yield different measures of

*The submitted manuscript has been authored by a contractor of the U.S. Government.
Accordingly, the U.S. Government retains a non-exclusive, royalty-free license to
publish or reproduce the published form of this contribution, or allow others to do s0,
for U.S. Government purposes.

*Correspondence: J, Belnap, U.S. Geological Survey, Forest and Rangeland Ecosystem
Science Center, Canyonlands Field Station, 2290 S. West Resource Blvd., Moab, UT
84532, USA; E-mail: jayne_belnap @usgs.gov.

1981

DOI: 10.1081/CSS-120023232 0010-3624 (Print); 1532-2416 (Online)
Published by Marcel Dekker, Inc. www.dekker.com




0016

M MARCEL DEKKER, INC, * 270 MADISON AVENUE «» NEW YORK, NY
— >

2003 Marcel Dekker, Inc. All rights reserved. This material may not be used or reproduced in any form without the express written permission of Marcet Dekker. Ine,

1982 Sherrod, Belnap, and Miller

soil nutrients and rank soils differently with respect to their measured nutrient
bioavailability, we compared nutrient measurements by three common
counterion combinations (HCl, HOH, and NaHCOs). Five sandy calcareous
soils were chosen to represent a range of soil characteristics at Canyonlands
National Park, Utah, and resin capsules charged with the different
counterions equilibrated in saturated pastes of these soils for one week. Data
were converted to proportions of total ions of corresponding charge for
ANOVA, Results from the different methods were not comparable with
respect to any nuirient. Of eleven nutrients measured, all but iron (Fe?*),
manganese (Mn*"), and zinc (Zn**) differed significantly (p < 0.05)as a
function of soil X counterion interactions; Fe?* and Zn?* varied as functions
of counterion alone. Of the counterion combinations, HCl-resins yielded the
most net ion exchange with all measured nutrients except Na*, NH, *, and
HPQ, 2™, the three of which desorbed in the greatest quantities from HOH-
resins. Conventional chemical extractions using ammonium acetate
generally yielded high proportional values of Ca**, K*, and Na™, Further,
among-soil rankings of nutrient bioavailability varied widely among
methods. This study highlights the fact that various ion-exchange resin
techniques for measuring soil nutrients may have differential effects on the
soil-resin environment and yield data that should not be compared nor
considered interchangeable. The most appropriate methods for characteriz-
ing soil-nutrient bioavailability depends on soil characteristics and likely on
the physiological uptake mechanisms of plants or functional groups of
interest. The effects of different extraction techniques on nutrient measures
should be understood before selecting an extraction method. For example, in
the calcareous soils used for this experiment, nutrient extraction methods that
alter soil carbonates through dissolution or precipitation could compromise
the accurate measurement of plant-available nutrients, The implications of
this study emphasize the universal importance of understanding the
differential effects of alternate methods on soil chemistry.

Key Words: JYon-exchange resins; Counterions; Calcareous soils;
Nutrient extraction method.

INTRODUCTION

Measuring plant-available soil nutrients with sensitivity to variation in
soil properties is an ongoing challenge. Chemical extractions are conventional
for measuring nutrient bioavailability but ion-exchange resins, demonstrated
to be effective measures of soil nutrients in both terrestrial and aquatic
ecosystems,”' "3 may be preferable in some studies (see Skogley and
Dobermann'! for review). Chemical extraction provides a static measure of
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Ion-Exchange Resin Counterions 1983

potential nutrient supply,’! in contrast to resins which, as ionic exchangers,
represent an integration of bioavailable nutrient dynamics during a specified
incubation period.”*®7! In addition, resins are sensitive to environmental
conditions,’®" more efficient at measuring multiple soil nutrients than
performing an equivalent number of chemical extractions,!'®! inexpensive,
and nondestructive with respect to soil chemistry and mineralogy.!”

Resins have been compared to both soil colloids'®”! and plant
roots."1112) The acidification effect of resins with desorption of a HY
countercation is similar to that of plant roots, although whether it occurs in
comparable quantities is unknown. Also similar to root processes are the
effects of cation uptake on that of anions and vice versa due to charge—
balance relations and shifts in soil equilibria.”’"'*! The dynamic colloidal
effects of resins, however, are like that of soil. Hence, ion-exchange resins
embody characteristics of both biological and mineral components of soil
ecosystems.

Despite the application of ion-exchange resins for more than 40
years'’ and their general acceptance as a method for detection of soil
nutrient levels, methods of resin use among rescarchers are not uniform and
the interpretive differences among methods are poorly understood. The
focus of this study is whether different resin counterions, which desorb
from ion-exchange resins in exchange for nutrient ions of equivalent charge
from the equilibrating solution, yield different nutrient measurement data.
For example, different counterions have been identified as the best
exchangers for solution P. These include bicarbonate (HCO3_)[15 -
OH118-201 1~ 161 anq acetate (CH,COO )12 The soils used in the cited
studies varied widely in their chemical, mineralogical, and physical
characieristics, indicating that the best resin counterion for P exchange is a
function of inherent soil properties.!'”! For correlative ecological studies
where among-soil variations in plant community composition are analyzed
in relation to among-soil variations in soil nutrient bioavailability, it is
critical to ascertain whether among-soil rankings of nutrient bioavailability
are dependent on initial resin counterions.

We compared the results of soil nutrient measurements by three
different resin counterion combinations in calcarcous soils from the
Canyonlands National Park (CNP), southeast Utah, USA. Carbonates are
high in CNP soils (Table 1) and are sensitive to the changes in moisture,
temperature, and pH!'®22] that can be induced by various extraction
techniques, We included data from single measures (n = 1) of soil nutrients
from conventional chemical extraction techniques. Although statistical tests
with these data were precluded by the singular samples, it offers a uvseful
COMparison.
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METHODS

Five sites representing a range of soil characteristics (Table 1) were
selected for soil sampling in CNP (~ 1500 m a.s.1.), a cold semiarid ecosystem
in eastern Utah averaging 214 mm annual precipitation and 11.6°C annual
temperature.’**! Aggregate soil samples (0—10cm) were collected from each
site on 14 December 1999, At the Soil and Plant Analysis Laboratory (SPAL) at
Brigham Young University (Provo, UT), soils were analyzed for ammonium
acetate (NH4OAc)-extractable calcium, potassium, magnesium, and sodium at
pH 8.5 (Ca’*, K*, Mg?", and Na*),**! DTPA-extractable copper, iron,
manganese, and zinc (Cu®*, Fe?*, Mn>", and Zn>*),**! KCl-extractable
inorganic nitrogen (NH,* and NO, ), and bicarbonate-extractable phos-
phorus (HPO42').[26] N = 1 for conventional chemical analysis.

Forty-five mixed-bed (bipolar) resin capsules (WECSA, Fort Collins,
CO) originally charged with H* and OH ™ ions were divided into three groups
and charged with 0.5 M HCI, 0.5M NaHCO;, or nothing, in which case they
remained charged with H* and OH™. Capsules were ionically charged by
shaking them in solution for 2 h with the solution replaced halfway through the
shake period. Three replicates of resin capsules in each of the three ionic forms
were equilibrated for 1wk in saturated pastes'?”) of the five soils. Jons were
desorbed from all resins in 2M HCI for 1h and all except inorganic N were
measured by inductively coupled plasma spectrometry. NH,* and NO,~
were determined by titration with H,SO,. Results were reported in
wg capsule™! and converted to wmol of charge capsule”! (wmol,).

Because the volume of soil subject to measurement by ion-exchange
resins is unknown and each counterion combination extracts different
quantities of ions, we converted all data to proportions of total ions of
corresponding charge. For example, proportional NO, ™ was calculated as
(wmol, NO, ~)/(wmol, NO, ™ + wmol. HPO,™ + pmol; $O,>7). Sodium
(Nat) is over-represented on NaHCOs;-charged resins and sulfate (5042')
data were unavailable for chemical extractions; these were disregarded for
proportional calculations. We arcsin-transformed proportional data and tested
for differences in proportional nutrient representation among the resins
charged with different counterions with multivariate ANOVA. No statistical
comparisons between resin and chemical methods were made because there
were no replicates of chemical extractions. All statistics were analyzed using
SPSS Release 6.1.3. Unless otherwise stated, all significance refers to
p < 0.05. To provide another, potentially clearer, way of interpreting the data,
we constructed two rankings, one of CNP sites according to the nutrient
quantities extracted by the different methods, and one of nutrients desorbed
with each method.
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1986 Sherrod, Belnap, and Miller
RESULTS

Evaluating resin data only, all nutrients were extracted in significantly
different proportions among different counterions (Table 2), and most showed
significant interactions between counterion and site. There were significant
differences among sites in the proportional representation of all nutrients
except for Fe’* and Zn?*,

Among resins only, HCl-charged resins consistently extracted the greatest
total amount of nutrient cations, even excluding Nat (F = 390, p < 0.001).
HOH- and NaHCOj-resins extracted decreasing amounts of cations
(Table 3a—e). HCl-resins also extracted the greatest amounts of anions (F=
178, p < 0.001) with the exception of Sites 1 and 4, where there were no
significant differences between anion extraction by HCl- and HOH-resins.

Patterns of net extraction of specific nutrients varied among resin forms.
Mg>*, Mn®*, and SO,*" were exiracted in the order HCl > HOH >
NaHCO; at all sites (F = 79.1, 124, and 298, respectively; p < 0.001), as were
Ca®™ and Cu?t (F =318 and 271; p <0.001) except in Site 1 soils,
Although differences were not always significant, K™ and HPO, 2~ pet

Table 2. F values of multivariate ANOVA comparing the
proportional amount of nutrients extracted by resins with three
counterion combinations from five different soil sources. All data
were arcsin-transformed. Cation proportions were calculated
excluding Na™ data, which were unavailable for NaHCO;
counterions. Chemical proportions were not included in this
analysis because N =1 for chemical extractions. *p < 0.05,
*#p < (.01, ***p < 0.001.

Site Counterions Site X counterions
Ca** 134#x% 19, 14%% 2.5%
Cu*t 19,55 140%#+ 2.6%
Fe?* 15 30, 7x% 0.8
K* 125%%x% 64.6%** 10.6x%+*
Mg?* 08.5%%% 25 0% 2.6%
Mn®* 4.7%% 92 Gk 1.5
NH, * 37.3%4% 1508 14. 0%k
Zn*t 0.8 20,64 % 1.9
NO,~ 18.5%*x 6.3%% 4.6%x
HPO, 2~ 7.6%%% L1THxn 2.8%

so,?" 26.0%xx 54, Txxx 4.7%x
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averages were generally greater with H'-resin extraction, the latter more with
HOH- than HCl-resins. In soils from Sites 2-5, HCl-extracted Fe’" was
greater than that extracted with the other two forms (F = 21.0; p < 0.001)
and HOH-extracted Na™ exceeded HCl-extracted Na* (F = 14.5; p < 0.001).
NH,* was extracted in the greatest net quantities with HOH-resins in soils
from Sites 2, 4, and 5 (F=31.8; p<0.001). NO,™ patterns were
inconsistent among sites, and no nutrient at any site desorbed in greatest net
quantities from NaHCOj3-resins, _

Relative to resin measurements, chemical extraction yielded high
proportional K* except from Site 5 soils, and low Cu®*, Mg**, and Mn**
(Table 3a—e¢). Of all of the nutrients measured, chemical representation of
proportional Ca®* and Zn>" was the most similar to the resin methods.

HCl-resins extracted proportionally more Cu** than chemical extraction,
but less than the other resins. Except for soils from Site 3, HCl-resins extracted
low proportional K*. Except for soils from Site 5, HOH-resins extracted high
proportional HPO,?~ and low proportional NO, ™ relative to other resins,
NaHCO;-resins extracted relatively high proportions of Cu**, Fe** (except at
Site 1), and Zn>* (except at Site 3), and low Mn?* relative to other resins. The
representation of soil Na* on NaHCOj-charged resins is unknown, but this
cation represented an average of 1.8, 0.3, and 0.9 of all cations extracted by
chemical means, HCl-resins, and HOH-resins, respectively.

Due to the relatively large number of nutrients compared among methods,
we ranked nutrients in order of their net extraction within each site (Table 4) to
offer a clearer picture of the data, All methods in all soils extracted Ca®tinthe
greatest quantities (range 82.3-93.3%) and Zn>* in the least (range 0.01—
0.03%). K+ was second-most abundant in all soils using chemical techniques
(range 4.1~9.5%), and Mg2Jr was second-most abundant in all resin analyses
(range 4.6—10.3%) except by NaHCOs-resins in Site 5 soils. Anions were
extracted in the order SO,2” > HPO,*” >NO,” by all analyses. As
suggested by the proportional comparisons, and with the exception of
NaHCO; extraction of Mn®* from Site 5 soils, Mg** and Mn?* ranked lower
with chemical extraction (ranges 1.9-4.0%, Mg**; < 0.1-0.1, Mn**) than
resin methods (ranges 4.6-10.3%, Mg?*; 0.4-1.9, Mn*"). In all soils, Fe®*
ranked relatively low with HOH-resin extraction, as did S0,?" except in Site
3 soils where the HOH-SO, >~ ranking matched that of NaHCO3. Similarly, in
all soils, NH4+ ranked low with HCl-resin extraction, as did Na* except at
Site 5 where HCI-Na* ranking matched that of HOH. Na* and HPO,*~
ranked high with chemical extraction, except for HPO, >~ in Site 3 soils. Mn®**
extraction ranked relatively high with both HC}- and HOH-resins.

We also ranked the CNP sites specific to nutrient and extraction method
(Table 5) for greater clarity in interpreting the data. This ranking also shows
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inconsistencies among methods. HOH- and NaHCO;-resins appear to share
the most similarities, but this agreement is not consistent among all nutrients.
Chemical extraction of carbonate-related nutrients Ca**, Cu®**, Mg?*, and
Mn** followed roughly similar patterns; K™ also conformed to this among-
site pattern. Importantly, in examining the most abundant nutrients (from
Table 4), variation in the site ranking among methods is greater for carbonate-
related Ca?* and Mg®™" than for the non-carbonate related K™ (Table 5).

DISCUSSION

Among five CNP soils, different nutrient extraction techniques yielded
disparities in net quantities, ionic proportions, and abundance rankings of
nutrients (Tables 2-35), indicating that the methods are not comparable.
Importantly, which of the methods most closely represents actual plant-
available nutrient levels is unknown and is certainly dependent on the
characteristics of the local ecosystem. The soils used for this study were from
Canyonlands National Park, a site with highly calcareous soils that are
sensitive to fluctuations in moisture, temperature, and pH“‘m'”] that can be
induced by various extraction techniques. The following discussion is in
the context of the particular environmental conditions of CNP, but the
implications of this study emphasize the universal importance of under-
standing the differential effects of alternate methods on soil chemistry.

HY-containing resins, particularly HCl-resins, adsorbed more total soil
cations and anions than did Na*-comaining resins (Table 3a-e). The
especially low affinity of resins for H™*! may explain the generally greater
cation extraction with HCl- and HOH-resins, but it does not explain
discrepancies in net nutrient sorption between HCl- and HOH-resins, found
for Ca?*, Cu®*, Fe?t, Mg**, Mn**, Na*, HPO,*™, and SO,%". Because the
only difference between these two counterion combinations was the
associated anion, different nutrient extraction patterns between HCI- and
HOH-resins may be attributable to differences in CI~ and OH™ dynamics.

Cl™ is less likely than OH™ to influence cation adsorption because OH™
has a greater capacity to affect pH and biogeochemical reactions. Many
commonly used counterions, such as H*, HCO, ~ and OH™, can affect pH in
the vicinity of the resins, which will in turn influence the solubility and/or soil
release of certain elements.!"*"! In the pH range of the soils tested for this
comparison (Table 1), resin release of OH™ induces more alkaline conditions
in the resin environment and in turn should decrease the resin sorption of
HPOQ, 2~ 7281 and other carbonate-related cations such as Ca*t, Cu®*, Mg?*,
and Mn**, There are counteracting processes in a mixed-bed system such as
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ours, however, as simultaneous H' desorption can acidify the resin
environment and actually promote the solubility of carbonate-related
cations.""! The pH buffer capacity of the soils used in this comparison (%
CaCOs equiv. in Table 1) was not so high that it would preclude these
reactions.*! Because Cl™ does not have the same effect on solution pH as
OH~, we conclude that net acidification in the vicinity of the HCl-charged
resin was largely responsible for greater solubility and subsequent adsorption
of Ca®*, Cu?*, Fe?*, Mg®*, Mn?", and SO, 2~ from most of the soils by HCl-
loaded resins. HOH-resin extraction of HPO‘,2~ may be greater than HCl-
resin extraction because resin affinity for Cl™ is greater than that for OH™™
and OH™ /HPO, 2~ exchange is consequently easier. The reasons for greater
extraction of Na* and NH, * by HOH-resins remain unclear; one possibility is
that HC effected greater dissolution of CaCOs; and the solubilized Ca’",
which is a high-affinity ion,' competitively displaced Na* and NH,* from
HCl-resin exchange sites.

Resin counteranions could also affect cation adsorption in other ways.
Exchange of HCO, ~, for example, could result in precipitation of carbonate-
associated ions''®! and reduce adsorption of Ca?*, Cu**, Mg?*, Mn’,
HPO,>", and Zn’* on NaHCOj-resins. As a buffer, however, HCO;~
desorption may also have the opposite effect and solubilize carbonates
through a pH decrease, particularly in high-pH soils."*! Desorption of OH™
from HOH-resins, via reactions with CO, (—HCO; 7), could have similar
effects. This phenomenon could have indirect effects on other ions; for
example, higher average HPO42" sorption on HOH-resins could decrease that
of SO42’, as shown by their extraction data between HCI- and HOH-resins in
all soils but those from Site 3 (Table 3a—e).

Because many of our field studies at CNP concern soil P status and
dynamics,m'zgl this nutrient was of especial interest in these method
comparisons. In all soils except for those from Site 5, our data show greatest
proportional extraction of HPO, 2~ with OH™ (Table 3a-e), accountable by
the greater resin affinity for CI~ and HCO; ~ than for OH™.**!*! With the
exception of Site 2 data, our results generally corroborate the anion-exchange
resin bead studies of Bache and Ireland,’®! who found little difference
between HCO, ~ and C1™ as HPO, 2~ counteranions in a calcareous soil (pH
7.5), but are in contrast to the study of Sibbcscn,[m who found that HCO, ™
extracted more HPO, 2~ than Cl7, also in a calcareous soil (pH 7.3).

We detected some consistent patterns among soils with respect to a
method’s preferential extraction of certain nutrients, such as proportionally
lower extraction of Cu®*, Mg®*, and Mn*>* with chemical methods (Table
3a—e). Mg?" was extracted with NH,OAc, which operates on the principle of
cationic exchange between NH,* and the target cations from soil exchange
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sites. The theory that affinity for a soil exchange site occurs in the order
NH,* > Na* =~ H*"" would predict higher proportional values of all
nutrients extracted with NH,OAc, ie., Ca**, K¥, Mg**, and Na™.
Proportional Ca*>*, K¥, and Na' indeed were relatively high by chemical
extraction in most soils (exceptions are Site 1 for Ca®" and Site 5 for K™), but
proportional Mg** was noticeably lower (Table 3a—¢), the reasons for which
are unexplained. With respect to Ca®™, it also is possible that the NH,OAc
extraction, even at pH 8.5,1%! dissolves some fine-grained CaCO; concretions,
resulting in an erroneously high estimate of exchangeable Ca**. Either of
these mechanisms should be taken into account when considering NH40Ac
extraction, particularly in high-carbonate soils.

Proportional Cu®* and Mn**, also carbonate-related nutrients, were
determined to be lower with chemical DTPA extraction, a procedure that also
uses CaCl, to minimize the dissolution of carbonates."”!! In theory, the CaCl,
may affect carbonate-related nutrients the least of the four options that we
examined. The sensitivity of carbonates to biogeochemical alteration is
difficult to gage with measures of Cu?* and Mn**, however, as the opposing
effects of carbonate dissolution by resin-H™ and precipitation by resin-OH ™
and resin-HCO, ™ are not evident in Table 3.

The inconsistent nutrient patterns among methods when compared from
soil to soil (Table 3a—e) strongly suggest that the most appropriate method is
specific to soil type. In calcareous soils such as CNP with substantial levels of
carbonates and carbonate-related nutrients, we assert that a nutrient extraction
technique that biogeochemically alters soil carbonates is inappropriate for
measuring plant-available nutrients. Such alteration might occur with
NH,OAc- or H*-induced dissolution of carbonates, or OH™ or HCO, -
induced precipitation of the same. These analyses suggest that pH
manipulation results in greater adsorption of several nutrients by HCl-resins,
but that nutrient representation may also be affected by differing ion-resin
affinities and interactions among ions, It is proposed that it is necessary to
identify the nutrients of foremost interest to a study and to understand
differences in their resin sorption and conventional chemical extraction
dynamics in selecting a method of measurement. Studies of soil nutrient
bioavailability should determine which method is most appropriate for
particular soils and particular species or functional types.

Many extractions are conducted to determine the quantities of plant-
available nutrients. It is difficult, however, to compare the ion affinities of
resins with those of plant roots, to determine whether resin desorption of H*
replicates that of plant roots, and whether this is in proportion to other ions
sorbed. Because we do not know how accurately extraction methods represent
biological uptake of any single nutrient, we also do not know the “best”
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method to determine these quantities. Our study highlights the fact that
various techniques for measuring soil nutrients with ion-exchange resins have
differential effects on the soil-resin environment and yield data that should not
be compared nor considered interchangeable. Studies of soil nutrient
bioavailability should determine which methods are most appropriate for the
particular soils, plant species and/or functional types of interest.

ACKNOWLEDGMENTS

We thank Robert (Buck) Sanford Jr, for the use of his laboratory facilities
and his review of this manuscript and Bruce Webb for his many prompt
analyses. We also thank Wes Jarrell, Earl Skogley, Gordon Warrington, and
Sue Phillips for their consultations. This work was funded by the Strategic
Environmental Research and Development Program (Department of Defense).

REFERENCES

1. Yang, J.E,; Skogley, E.O.; Georgitis, 8.1.; Schaff, B.E.; Ferguson, A H.
Phytoavailability soil test: development and verification of theory. Soil
Sci. Soc. Am. J. 1991, 55, 1358 -1365.

2. Abrams, M.M,; Jarrell, W.M. Bioavailability index for phosphorus using
ion exchange resin impregnated membranes. Soil Sci. Soc. Am. J. 1992,
56, 1532-1537.

3. Dobermann, A.; Langner, H.; Mutscher, H.; Yang, J.E.; Skogley, E.O.;
Adviento, M.A.; Pampolino, M.F. Nutrient adsorption kinetics of ion
exchange resin capsules: a study with soils of international origin.
Commun. Soil Sci. Plant Anal. 1994, 25, 1329-1353.

4. Skogley, E.O.; Dobermann, A. Synthetic ion-exchange resins: soil and
environmental studies. J. Environ. Qual. 1996, 25, 13-24,

5. Gibson, D.J.; Colquhoun, L.A.; Greig-Smith, P. A new method for
measuring nutrient supply rates in soils using ion-exchange resins. In
Ecological Interactions in Soil; Fitter, A.H., Atkinson, D., Read, D.J,,
Usher, M.B., Eds.; Blackwell Scientific Publications: Oxford, 1985;
73-79.

6. Christensen, H.H.; Posner, AM. The interaction of phosphate with an
anion exchange resin, J. Soil Sci. 1980, 37, 447-455.



¥ YORK, NY

Q016

o~
M3 MARCEL DEKKER, INC. » 270 MADISON AVENUE »

13003 Marcel Dekker, Ine. All rights reserved. This material may not be used or reproduced in any form without the express written permission of Marce] Dekker, Ine.

2000 Sherrod, Belnap, and Miller

7. Cooperband, L.R.; Logan, T.J. Measuring in situ changes in labile soil
phosphorus with anion-exchange membranes. Soil Sci. Soc. Am. .
1994, 58, 105-114.

8. Binkley, D.; Matson, P. Ion exchange resin bag method for assessing
forest soil nitrogen availability. Soil Sci. Soc. Am. J. 1983, 47,
1050-1052.

9. Skogley, E.O. The universal bioavailability environment/soil test
UNIBEST. Commun, Soil Sci. Plant Anal. 1992, 23, 2225-2246.

10. Schoenau, J.; Qian, P.; Huang, W.Z. Assessing sulphur availability in
soil using ion exchange membranes. Sulphur Agric. 1993, /7, 13-17.

11. Yang, J.E.; Skogley, E.O.; Schaff, B.E. Nutrient flux to mixed-bed ion-
exchange resin; temperature effects. Soil Sci. Soc. Am. J. 1991, 55,
762-767.

12. Qian, P; Schoenau, J.J.; Huang, W.Z. Use of ion exchange membranes
in routine soil testing. Commun. Soil Sci. Plant Anal. 1992, 23,
1791-1804.

13. Barber, S.A. Soil Nutrient Bioavailability: A Mechanistic Approach;
John Wiley & Sons, Inc.: New York, 1995,

14. Amer, F.; Bouldin, D.R.; Black, C.A.; Duke, F.R. Characterization of
soil phosphorus by anion exchange resin adsorption and 32p
equilibration. Plant Soil 1955, 6, 391-408.

15. Sibbesen, E. An investigation of the anion-exchange resin method for
soil phosphate extraction. Plant Soil 1978, 50, 305-321.

16. Bache, B.W.; Ireland, C. Desorption of phosphate from soils using anion
exchange resins. J. Soil Sci. 1980, 37, 297-306.

17. Lajtha, K. The use of ion-exchange resin bags for measuring nutrient
availability in an arid ecosystem. Plant Soil 1988, 105, 105-111.

18. Havlin, JL.; Westfall, D.B. Potassium release kinetics and plant
response in calcareous soils. Soil Sci. Soc. Am. J. 1988, 49, 366-370.

19. Curtin, D.; Syers, J.K.; Smillie, G.W. The importance of exchangeable
cations and resin-sink characteristics in the release of soil phosphorus.
I. Soil Sci. 1987, 38, 711-716.

20. Skogley, E.Q.; Georgitis, S.J.; Yang, J.E.; Schaff, B.E. The
phytoavailability soil test—PST. Commun. Soil Sci. Plant Anal. 1990,
21, 1229-1243.

21. Cooperband, L.R.; Gale, P.M.; Comerford, N.B. Refinement of the anion
exchange membrane method for soluble phosphorus measurement. Soil
Sci. Soc. Am. J. 1999, 63, 58-64.

22. Schaff, B.E.; Skogley, E.O. Diffusion of potassium, calcium, and
magnesium in Bozeman silt loam as influenced by temperature and
moisture. Soil Sci. Soc. Am. I. 1982, 46, 521-524.




‘| | MARCEL DEKKER, INC. » 270 MADISON AVENUE « NEW YORK, NY 10016

L=

2003 Marcel Dekker, Ine. All rights reserved. This material may not be used or reproduced in any form without the express written permission of Marcel Dekker. Inc.

Ion-Exchange Resin Counterions 2001

23. Miller, M.E. Effects of resource manipulations and soil characteristics
on Bromus tectorum L. and Stipa hymenoides R. & S. in calcareous soils
of Canyonlands National Park, Utah. Ph.D. Dissertation, University of
Colorado, Boulder, CO, 2000,

24. Normandin, V.; Kotuby-Amacher, J.; Miller, R.O. Modification of the
ammonium acetate extractant for the determination of exchangeable
cations in calcarcous soils. Commun. Soil Sci. Plant Anal. 1998, 29,
1785-1791.

25. Page, A.L., Miller, RH., Keeney, D.R., Eds. Methods of Soil Analysis;
Part 2; ASA, Inc.: Madison, W1, 1982,

26. Olsen, S.R.; Cole, C.V.; Watanabe, E.S.; Dean, L.A. Estimation of
Available Phosphorus in Soil by Extraction with Sodium Bicarbonate;
U.S. Government Printing Office: Washington, D.C., 1954; USDA Circ.
No. 939.

27. Rhoades, .D. Soluble salts. Methods of Soil Analysis Part Il. Chemical
and Microbiological Properties, 2nd Ed.; ASA/SSSA: Madison, WI,
1982; 167-179.

28. Thompson, L.M.; Troeh, F.R. Soils and Soil Fertility; McGraw-Hill:
New York, 1973,

29. Hanson, K.K. Cheatgrass (Bromus tectorum L.) Invasion in Relation to
Phosphorus Sources and Availability in Canyonlands National Park,
Utah. Ph.D. Dissertation, University of Denver, Denver, CO, 1999.

30. Thompson, L.M.; Troeh, F.R. Soils and Soil Fertility, 4th Ed.;
McGraw-Hill: New York, 1978.

31. Baker, D.E.; Amacher, M.C. Methods of Soil Analysis; Page, AL,
Miller, R.H., Keeney, D.R., Eds.; Part 2; ASA, Inc.: Madison, W1, 1982;
323-336.






