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Abstract

The ion exchange resin method has received considerable attention as an alternative soil test method to evaluate
plant available nutrients. This study sought to investigate the effect of changes to the resin standard method in
the capacity of the resin to extract soil P, K, Ca, and Mg in soils with different texture. We tested the following
modifications: soil grinding levels (< 2 mm; < 0.3 mm), shaking time (8 h; 16 h; 24 h), reciprocation level (12.5
rpm; 25 rpm; 50 rpm), solution and elution saturation concentration (0.25/0.25 mol L' 0.5/0.5 mol L'; 1.0/1.0
mol L™), soil:solution ratio (1:5 v:v; 1:10 viv; 1:16 viv; 1:25 v:v), room temperature (10 °C, 15 °C, 25 °C, 40 °C),
and resin amount (1 n; 2 n). When one factor was changed all the others were kept the same as the standard
procedure. We selected the five most representative soil orders used for crop production in Southern Brazil
which have a wide range of clay, organic matter, Mehlich-1 extractable P and K, and KCI exchangeable Ca, and
Mg contents. Results showed that modifications on the standard extraction procedure affected the amounts of
soil P, K, Ca, and Mg extracted. Temperature was the main factor affecting the amount of P extracted from the
soil with ion exchange membrane resin. Our results can be useful to other regions that might be interested in
adopting the resin soil test method, allowing others to identify the impacts of similar method modifications on
soil nutrient availability according to soil type, soil management, and temperature conditions.
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1. Introduction

Ion exchange resin membranes (resin) have received considerable attention as an alternative method to extract
soil nutrients (Amer et al., 1955; Takahashi, 2013). The majority of resin-based research evaluated soil
phosphorus (P) availability to plants (Kovar et al., 2009). The high correlation between extracted resin soil P and
plant P uptake (or crop yield), and due to its multi-element simultaneous extraction capacity, led some
researchers to conclude that the resin methodology is adequate for soil multi-element extraction in a single
extraction procedure (Raij et al., 1986; Schoenau & Huang, 1991; Qian et al., 1992; Bortolon & Gianello, 2008).

There are two broad methodologies used to evaluate soil nutrient availability with exchange resins. The first
method involves two steps: (i) nutrient extraction with resin by shaking a soil-resin-solution suspension for a
pre-determined period of time and; (ii) the recovery of the adsorbed ions eluted with a solution. The second
method incubates resin membranes in situ with soils for a pre-determined amount of time, and then the nutrients
are recovered from the resins (Skogley et al., 1990; Yang et al., 1991b; Cooperband & Logan, 1994; Dobermann
et al., 1994; Kovar, 2003; Kovar et al., 2009; Schlindwein & Gianello, 2009). Independent of the procedure used;
there is a wide range of variables that affect the efficacy of exchange resins in extracting nutrients from the soil.
These variables, include but are not limited to, the type and amount of resin (Sibbesen, 1978; Vaidyanathan &
Talibudeen, 1970), shaking time (Bache & Ireland, 1980; Qian et al., 1992), soil-solution ratio (Cooke & Hislop,
1963), concentration and counter-ions (Sibbesen, 1978), temperature (Yang et al., 1991a), and resin extraction
capacity (Somarisi & Edwards, 1992).
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The time consumed to perform a soil test is an important factor that should be taken in consideration when
evaluating the suitability of a new method for use in a commercial laboratory. The resin method (Tedesco et al.,
1995) used in many Brazilian laboratories requires a 16 h resin-soil-solution suspension shaking time. Schoenau
and Huang (1991) compared different shaking times (1 h, 6 h, and 16 h) and found that P concentration increased
with shaking time, but shaking time did not influence the interpretation of the soil P levels. Qian et al. (1992)
showed that P extracted with 15 min of shaking was nearly 40% of the P amount extracted with a shaking time of
60 min. The authors concluded that the difference did not impact the interpretation of the P level relative to
fertilizer recommendation. However, statistical differences do exist in the quantities of nutrients that are
extracted from soils and are directly affected by shaking time, resin type, and soil type (Sibbesen, 1978; Bache &
Ireland, 1980).

The amount of soil-P that can be extracted is dependent on the type and amount of resin used for extraction
(Sibbesen, 1978). However, the major factor that affects the resin suitability in evaluating soil-P availability to
plants is the resin’s ionic saturation during the extraction period (Sibbesen, 1978). Bicarbonate is the most
common counter-ion used due to its buffering effect during the extraction process, and it does increase soil P
extractability.

Temperature affects soil nutrient availability to plants through ion activity, soil buffer capacity, and ion exchange
and diffusion (Sparks, 2003). However, relatively few studies have looked at the effects of temperature on soil
nutrient content extracted by resin (Yang et al., 1991b; Haagsma & Miller, 1963). Laboratory temperature effects
during extraction are specific to each nutrient, and temperature must be kept constant during the extraction
period and analysis (Yang et al., 1991b; Simonis, 1996).

Factors such as resin ion saturation, eluent volume, and shaking time are important and their effects on the
content of nutrients extracted vary among nutrients (Somasiri & Edwards, 1992). Variations on soil grinding
level also affects extracted nutrient amounts, and therefore, must be quantified for both resin and diluted-acid
extractants (Takahashi, 1996). The influence of these factors on the resin extraction procedure must be
investigated to improve soil analysis quality and to avoid potential mistakes on crop fertilizer recommendations,
which could impact both farmer’s profitability and the environment.

Since 1955 (Amer et al., 1955), the use of the resin method to evaluate soil-P has increased due to advances in
technology, such as impregnating a resin onto a plastic membrane (Mallarino & Atia, 2005; Vandecar et al.,
2010). There is a wide range of synthetic resins with different physical-chemical properties and reticulation
degrees to keep the resin structure stable during the extraction process. Stability is important for resins made in
membrane form, because some of their properties (physical-chemical) are modified during the polymerization
process to keep the resin stable, which can affect the resin's capacity to extract nutrients from the soil.

The objective of this study was to determine the sensitivity of resin membrane extraction capacity during
simultaneous extraction of P, K, Ca, and Mg, to the following modifications to the standard procedure used by
soil testing laboratories in Southern Brazil: (i) soil particle size; (ii) shaking time; (iii) oscillations of soil:resin
suspension; (iv) concentrations of both saturation and elution solution; (v) soil:solution ratio; (vi) room
temperature during the extraction process and; (vii) quantity of resin. We also investigated the effect of
laboratory temperature on phosphorus extracted with ion exchange resin membrane and the impact on nutrient
recommendation to corn in Southern Brazil.

2. Method

The standard resin procedure adopted by soil testing laboratories in Southern Brazil at the time of this study, uses
a 7.5 cm’ ion resin exchange membrane strips (CRG1CZR42—strong cationic and AR103DQP 434—strong
anionic; lonics, Inc., Watertown, MA), separated by a nylon screen. Before using the strips, the resin strips are
saturated with 0.5 mol L™ NaHCO; for a 24 h period and then washed with distilled water 2-fold with the same
volume of sodium bicarbonate. For P, K, Ca, and Mg extraction, 2.5 cm’ of soil, ground to pass a 2-mm sieve, 40
mL distilled water, and two exchange membrane strips are placed into a 50 mL glass snap-cap flask and shaken
at 27 rpm for 16 h on an end-over-end shaker (Tecnal, Piracicaba). The resin strips are then removed, washed
with a minimum amount of distilled water (about 50 mL) to remove excess of sodium bicarbonate from resin,
and eluted with 40 mL of 0.5 mol L' HCI. The flasks are allowed to stand for 30 min, and then shaken for 90
min on a reciprocating shaker at 110 oscillations per minute (rpm). Phosphorus in the resin strip extracts is
determined colorimetrically (1-amino-2-naftol-4-sulfonic and ammonium molybdate method, Tedesco et al.,
1995) using a FEMTO 600 spectrophotometer (FEMTO S.A., Sdo Paulo, Brazil), K determined by flame
photometry, and Ca and Mg determined by atomic spectrometry using a AAnalyst 200 Atomic Absorption
Spectrometer (Perkin Elmer spectrometer, Waltham, MA).
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We investigated the following modifications of the standard procedure: (i) soil grinding-particle size; (ii) shaking
time; (iii) oscillations of soil:resin suspension; (iv) concentration of both saturation and elution solutions; (v)
soil:solution (water) ratio; (vi) environmental (room) temperature during the extraction period and; (vii) quantity
of resin used (Table 1). When one factor was changed all the others were kept the same as the standard procedure.
Five most representative soil orders used for crop production in southern Brazil were selected, with a wide range
of chemical, physical, and mineralogical properties (Table 2). Within each soil type, we had three soil-P levels
(Very Low, Adequate, and Very High) and four replicates. The change in interpretation of available soil P, K, Ca,
and Mg was determined for each factor tested. In addition, the extraction of P, K, Ca, and Mg using resin beads
with temperature as the single variable were conducted according to the procedure described in Raij et al. (1987).
The use of resin spheres by several laboratories across Brazil prompted this testing.

Table 1. Alterations applied to the standard ion exchange resin membrane procedure used for soil analysis in
Southern Brazil

Factor Standard’ Modifications
Soil particle size - grinding (mm) <2 <03

Shaking time (h) 16 8; 24
Oscillations (rpm) 25 12.5; 50
Concentrations of saturation/elution solutions (mol L) 0.5/0.5 0.25/0.25; 1.0/1.0
Soil:solution ratio (v:v) 1:16 1:5; 1:10; 1:25
Laboratory temperature (°C) 25 10; 15; 40

Resin amounts (n) 1 2

Note. ' Tedesco et al. (1995).

Table 2. Orders and characterization of soils used to grow crops in Southern Brazil

. Particle size . . Soil available'
Soil Order - Organic Matter  pH in water ~ SMP Index
Sand Silt Clay P K Ca Mg
gkg! —-mgdm> -~  --cmol,dm™ --
Oxisol 50 330 620 61 6.1 6.0 2.6 123 10.7 3.6
60 6.3 6.1 14.7 98 12.1 3.7
52 6.1 6.1 11.5 94 11.7 3.8
Inceptisol 110 410 480 81 65 62 16 101 171 45
83 59 5.6 8.3 114 18.2 4.8
78 6.6 6.2 18.3 134 17.9 4.5
‘Spodosol 470 210 320 21 68 66 901 46 35 18
18 6.4 6.5 332 45 43 1.9
22 6.4 6.6 58.2 46 44 1.7
CAlfisol 650 90 260 21 61 64 55 4 40 12
22 6.0 6.3 14.2 46 4.1 1.2
18 6.0 6.3 63.0 44 3.6 1.2
“Acrisol 930 30 40 6 63 69 31 3 13 04
6 59 6.9 41.8 28 1.6 0.4
5 6.1 6.8 72.8 29 1.4 0.4

Note. ' Soil P and K extracted with Mehlich-1 solution and exchangeable Ca and Mg extracted with 1.0 mol L™
KCl.

The influence of laboratory temperature on P recommendation to crop was also investigated. We considered 25
°C as the standard laboratory temperature and compared its influence on soil-P, changes in soil-P status, P
applied, and P balance. Soil P status was classified based on soil-P extracted with membrane resin according to
Southern Brazil Manual for Crop Nutrient and Lime Recommendations (SBCS/NRS, 2004). Soil P classes
according to soil-P (mg dm™) extracted with membrane resin are: Very Low (VL = soil-P < 5.0); Low (L = soil-P
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range of 5.1-10.0); Medium (M = soil-P range of 10.1-20.0); High (H = soil-P range of 20.1-40.0); Very High
(VH = soil-P > 40.0). Soil-P critical level which is the soil-P level in soil that is adequate to crop production in
Southern Brazil is 20.0 mg dm™. We tested the P recommendation for corn (Zea mays L.) considering an
expected yield of 10 Mg ha™', and we verified the P amounts recommended according to soil-P extracted at each
different laboratory temperature. We calculated P applied balance (%), that is the P amount applied based on
soil-P extracted at 25 °C laboratory temperature (100%), compared to P amount applied base on soil-P extracted
at 10 °C, 15 °C and 40 °C laboratory temperature.

The statistical analyses were performed comparing standard versus procedure modifications by ANOVA, and the
mean differences in each factor were evaluated with Tukey test (0.05) using SAS (SAS, 2002).

3. Results
3.1 Effect of Soil Grinding Size

Soil clay content affected the efficiency of resin P extraction and higher P amounts were found in high sand
content soils compared to soils with high clay content (Table 3). The difference in higher soil P amounts
extracted in sandy soils is probably due to the soil grinding processes and also because the sandy soils had more
available P (Table 2). The finer screen (< 0.3 mm) passed the soil fractions with both high soil clay and organic
matter to which P can be adsorbed, increasing the soil P amounts extracted (Bortolon et al., 2011). The finer
constituents also increased surface sorption area. High clay content soils probably had greater amounts of Ca
bonded with clays that are highly resistant to detachment, which increased the tortuosity of the path of P from the
soil solution through resin exchange surface, reducing P in the solution (Bortolon et al., 2011). In clayey soils,
the finer sieve decreased the sized particle content passing through the sieve, which may also have preferentially
selected for Fe and Al oxides, increasing P adsorption, and consequently decreased the amount of P extracted.
On the other hand, the high concentrations of bicarbonate ion, released from the resin during the extraction
period, could increase the pH of the suspension and promote the precipitation of calcium phosphate (Raij et al.,
1986), leading to a decrease in the P available to react with the resin. Contrasting results were found by Rolim et
al. (2008), where the authors concluded that soil particle size did not affect amounts of soil-P extracted by resin
in both fertilized and non-fertilized soils. However, the differences observed in our study can be explained by a 2
h shaking time at 150 rpm (Rolim et al., 2008) as compared to 16 h at 27 rpm on our procedure.

Soil particle size did affect the amount of Ca extracted with resin (Table 3). The greatest amounts were observed
in soils with high clay content. Higher Ca amount extracted in clayey soils can be explained by the higher soil
exchange capacity, which could compete with the resin on Ca adsorption. Calcium could also be precipitated as
calcium phosphate. This process can also explain the reduction of extracted K due to particle size (Table 3). On
average, extracted K amounts were different between grinding sizes and they did not affect the interpretation of
K levels in the soil or the fertilizer recommendations to crops. The results showed that extraction of P with resin
was affected by the soil grinding level, clay content, and amounts of P and Ca in soils. The obstruction of the
resin surface by attached fine soil particles making some resin sites unavailable to adsorption may explain the
effects on P and K; however, detailed studies must be carried out to validate this hypothesis.
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Table 3. Phosphorus, potassium, calcium and magnesium extracted with ion exchange resin membrane affected
by soil grinding size

Soil grinding size (mm)

Soil Order <2.0 <03 <2.0 <0.3 <2.0 <0.3 <2.0 <0.3
P K Ca Mg
------------------------ BT R — B ©1 1310 B¢ |1 B
Oxisol 49a 39a 58.7a 59.5a 522a 374 a 2.11a 1.83a
315a 279 a 415a 37.7a 6.47 a 5.16a 2.37a 2.13a
60.3 a 559a 50.8a 48.0 a 4.67 a 4.11a 227a 226a
Inceptisol 63a  65a 409a  389a 10092  888a 303a  3.l4a
18.1a 20.6 a 39.8a 37.1a 449 a 491 a 2.68a 3.10a
58.8a 575a 39.0a 37.1a 9.99 a 10.08 a 2.82a 3.17a
Spodosol  19.0a  192a  386a  37.6a 238a  243a 126a  136a
50.8 a 49.7 a 343a 31.0a 2.66 a 2.67a 1.36a 143 a
819a 824a 352a 334a 3.03a 3.04a 1.25a 1.38 a
CAlfisol 82a  98a  328a  329a 209a  256a 084a  1lla
20.0b 245a 29.1a 31.0a 1.86 a 242 a 0.75a 099 a
73.0b 87.0a 29.1a 292 a 227a 2.6l a 0.80 a 1.05a
Acrisol 27a  30a  127a  122a 037a  055a 0.14a  02la
28.5b 363a 150a 14.0a 0.53a 0.54a 0.12a 0.19a
62.3b 8l.1a 162 a 164 a 0.51a 0.73 a 0.14a 023a
Average 351b  377a  342a  331b 363a  377a 148a  157a

Note. Means followed with the same lower case letter within a row did not differ statistically by Tukey test (5%);
C.V. (%) P=4.1; C.V. (%) K=8.4; C.V. (%) Ca=15.3; C.V. (%) Mg =4.9.

3.2 Shaking Time

Shaking time is an important issue during the development of a soil test method. The goal during the shaking
process is to increase the contact of soil particles and the soil extractant. As shaking time increased, there was an
increase in extracted soil P (Table 4), which was greater in clayey than in sandy soils, probably due to the high P
adsorption capacity associated with most clay soils. Ascertaining soil-P using the resin method is a lengthier
process compared to Mehlich-1 or Mehlich-3, due to the long shaking time involved, which is independent of
resin type (Sibbesen, 1978). Qian et al. (1992) showed that although longer shaking times extracted more soil P,
shaking time did not affect the interpretation of soil P levels and P fertilizer recommendations. Longer shaking
time can extract insoluble soil P forms that have no bearing on plant P availability (Schoenau & Huang, 1991)
and may lead to a lower recommendation for crops which could reflect in lower yields. The increase of shaking
time affected Ca extraction, and more Ca was extracted from soil with longer shaking time (Table 4), especially
on those soils with higher Ca content (Table 2). For both P and K, the greatest extracted amounts were found
with the 24 h shaking time. As the shaking time increased, the amount of Ca and Mg extracted increased and K
decreased (Table 4). This finding can be explained by different charges among the two cations in the solution
even though in similar concentration; resin affinity favors high valence cations (Sparks, 2003). The results
showed that 16 h of shaking time is not sufficient to extract soil exchangeable Ca and Mg, and 24 h shaking
extracted more Ca and Mg than 16 h shaking. In addition, soil-P was greater with 24 h shaking in some cases
2-fold compared to 8 h shaking.
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Table 4. Phosphorus, potassium, calcium, and magnesium extracted with ion exchange resin membrane affected
by shaking time

Shaking time (h)
Soil Order 8 16 24 8 16 24 8 16 24 8 16 24
P K Ca Mg
mg dm” cmol, dm™ —-----memememeeeee -
Oxisol 29b 49ab 65a 670a 587b  5Sléc 200b 522a 538a 123b 21la 242a
230c  315b 504a 481la 415b 35lc 297b 647a T04a 1.56b 288a 3.36a
431c 603b 880a 560a 508b 448c¢ 239¢ 467b 637a 1.63¢c 227b 3.05a
Inceptisol ~ 44b  63b  97a 451a 409ab 369b 533¢ 1009b 1231a 228¢c 303b 378a
119¢ 181b 279a 390a 398a 327b 222¢ 449b 646a 194c 268b 364a
389c 588b 850a 420a 390ab 357b 578c 999b 130la 224b 282b 36la
‘Spodosol  159b  190b 2522 335a 386a 357a  124b 238a 28a  09b 126ab 1.69a
412¢ 508b 644a 292a 343a 32la 128b 266a 334a 1.04b 136ab 185a
68.1c 819b 103.6a 280b 352a  339a 1.54b 3.03a 345a 097b 125ab 1.63a
‘Alfisol  77a  82a 100a 238b 328a 308a  098b 209a 266a  063a 084a ll6a
183b 200b 263a 25b 291a  290a 1.13b 186b 2.69a 0.62a 0.75a 107a
6l4c 730b 972a 25b 291a  296a l4lc 227b 338a 066a 080a 1.13a
‘Acrisol 29a  27a 32a 79a 127a 127a  015a 037a 047a  013a 054a 02la
249¢ 285b 358a 73b  150a 139a 0.10a 053a 056a 008a 0.12a 0.13a
563¢ 623b 903a 91b 162a 175a 0.13a 05la 055a 0.13a 0.14a 020a
Average 281c 351b 482a 321b 342a 314D 191c 377b  468a 1.08c 155b 190a

Means followed with the same lower case letter within a row did not differ statistically by Tukey test (5§%); C.V.
(%) P=4.6; C.V. (%) K=28.2; C.V. (%) Ca=12.0; C.V. (%) Mg =21.5.

3.3 Oscillations of Soil:Resin Suspension

The shaking process accelerates nutrient extraction that promotes a fast and constant contact between soil solid
phase and resin, in addition to the initial nutrient in the soil solution. The application of different oscillation rates
based on the end-over-end shaker were not different to soil-P compared to 25 and 50 rpm, and in almost all soils
orders soil-P concentrations extracted with 12.5 rpm were similar to those extracted at 50 rpm (Table 5).
However, the differences due to this factor showed little effect among soil orders and were related to the
increased contact time between soil P and resin. We verified from the data shown in Table 5 that it was not
necessary to have vigorous oscillations for extracting soil Ca and Mg with resin. However, the lowest oscillation
rate (12.5 rpm) did reduce the extraction of Ca and Mg and it would affect the calculation of soil CEC that is
used to classify the K status in soils from Southern Brazil. Increasing the number of oscillations per minute
reduced extractable K concentrations (Table 5) in four soils following polyvalence cations selectivity, which
increased Ca and Mg amounts extracted and reduces K amounts extracted (Sparks, 2003). The results show that
oscillation rate affects extractable nutrient concentrations. Also, the differences found for P and K had little or no
effect on the nutrient recommendations to crops (SBCS/NRS, 2004).
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Table 5. Phosphorus, potassium, calcium, and magnesium extracted with ion exchange resin membrane affected
by oscillation of soil:solution:resin

Oscillation (rpm)
Soil Order 12.5 25 50 125 25 50 12.5 25 50 125 25 50
P K Ca Mg
mg dm™ cmol, dm™ —----mmmmem oo
Oxisol 37a 49a 35a 605a 593a 600a 364b 522a 451ab 142b 21la 212a

Average 342b 351ab 362a 358a 343ab 327D 329b 377a 386a 1.12¢c 146b 1.62a

Note. Means followed with the same lower case letter within a row did not differ statistically by Tukey test (5%);
C.V. (%) P=5.0; C.V. (%) Ca=13.2; C.V. (%) Mg =13.2; C.V. (%) K =9.3.

3.4 Concentration of Saturation and Elution Solutions

Several solutions have been studied for the saturation of the resin and eluting the adsorbed ions after soil
extraction. For saturation of anion exchange resin, the bicarbonate anion has been preferred due the buffering
effect, which increases soil extraction of P (Sibbesen, 1978; Raij et al., 1986), while Na is preferable for
saturation of cation exchange resins. There was significant interaction between concentration of extraction
solution and soil-P concentration on sandy soils with high soil-P, where the most concentrated solution extracted
greater amounts of soil-P (Table 6). There were differences in only for Alfisol and Acrisol soils (both with very
high soil-P content) where the standard method (0.5 mol L™ solution) extracted the lowest amount of P.
Extraction of these soils does not follow the same behavior as the solution concentration. This behavior is
probably due to similar mineralogical properties on both Alfisol and Acrisol. Since this finding was only
observed in soils with high P concentrations, the use of a more concentrated solution would not impact fertilizer
recommendations to crops, since soil-P level is considered adequate to crops and the fertilizer recommendation
on that case is based only on the crop P removal (SBCS/NRS, 2004).

The results on Table 6, for soil Ca, Mg, and K extracted by ion-exchange resin membrane saturated with
different concentrations of sodium bicarbonate, show that in soils with greater Ca content, the amount of Ca
extracted decreased as extraction solution concentration increased. On average, the extracted concentrations of
soil K and Mg were higher with increasing concentration of both saturation and elution solutions, regardless of
the element content in soil, and were statistically different for both elements in the three concentrations.
Although the results for the four elements (P, K, Ca, and Mg) in soil by using different solution concentrations
showed statistical differences, the use of the most concentrated solution (1.0 mol L") would double the amount
of chemicals required for the analyzes compared to the standard method. In addition, the 1.0 mol L
concentration would also have a negative effect on laboratory equipment and waste management.

3.5 Soil:Solution Ratio

There was significant interaction between soil:solution ratio and soil-P (Table 7). On average, the extracted
soil-P concentrations were greatest for 1:25 soil:solution ratio. Similar results were obtained by McLaughlin et al.
(1993). At a soil:solution ratio of 1:16, there was a decrease in soil-P concentrations. Whereas in other
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relationships studied such as soil grinding and shaking time, there was little difference in the results. For the 1:10
and 1:25 soil solutions ratio the effect, soil-P extraction although statistically significant different for some soils,
is not pronounced enough in terms of soil-P value to affect the results if the soil:solution remains close to that
established for the method.

Table 6. Phosphorus, potassium, calcium, and magnesium extracted with ion exchange resin membrane affected
by solution concentration

Solution Concentration (mol L)

Soil 0.25 0.5 1.0 025 05 1.0 0.25 0.5 1.0 025 05 1.0
K Ca Mg
mg dm™ emole dm™ —-eeeeeeee
Oxisol 41la 49a 37a 558a 593a 494b 520a  522a 424a 1.68c 182b 192a
33.6ab 315b 355a 394a 442a 402a 608a 647a 560a 205¢ 226b 24la
613a 603a 635a 487b 534a 53.0a 585a 467b 509ab 219b 205b 260a
CInceptisol 56a  63a  60a 403b 472a 474a 10642 1009a 88b 283b  296b 3.12a
178a 18la 18la 387b 43.1a 428a 473a 449a 488a 252b 269b 3.07a
56.8a 588a 572a 37.6c 492a 40.8b 1202a 999b  946b 287b 289b 3.02a
Spodosol  185a  190a 194a  352b 315b 428a  28la 238a 249a  Lllb 140a 145a
504a 508a 49.8a 31.1b  306b 364a 257a  266a 268a 1.1I9b 151a 153a
832a 819a 843a 323b 348a 364a 358a 3.03a 3.16a 1.14b 148a 144a
CAlfisol  75a 82a  8la 288b 338a 319a  203a 209a 223a 074b 097a 098a
207a  200a 219a 270b 306a 325a 226a 18a  223a 067b 091a 093a
76.1ab 730b 784a 276a 287a 313a 189a  227a 249a 069b 098a 096a
Acrisol  29a  27a  3la  141b 135b 172a  O4la 037a 0492 0.14a 0.8a 0.I8a
29la  285a 30.06a 141b 125b 20.1a 044a 053a 04la 0.12a 0.14a 0.14a
700a  623b 71.0a 170b 129¢ 192a 047a 05la 057a 0.15a 0.16a 0.14a
Average  358ab 351b 367a  325c 343b 364a  406a 377ab 365b  134c 149b 159a

Note. Means followed with the same lower case letter within a row did not differ statistically by Tukey test (5%);
C.V. (%) P=4.8; C.V. (%) Ca=15.5; C.V. (%) Mg =12.5; C.V. (%) K=8.2.
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Table 7. Phosphorus, potassium, calcium, and magnesium extracted with ion exchange resin membrane affected
by soil:solution ratio

Soil:solution ratio

Soil 1:5 1:10  1:16 1:25 1:5 1:10 1:16 1:25 1:5 1:10 1:16 1:25 1:5 1:10 1:16 1:25
P K Ca Mg
mg dm™ cmol, dm?
Oxisol 5.9a 54a 49a 7.5a 35.8d 48.6c 58.8b 89.4a 9.13a 9.76a 3.81b 3.58b 3.7la 2.65b 1.82b 2.13b

427a 42.8a 31.5b 44.5a 29.0c 32.8be 41.5b 65.0a 10.7a 8.22a 4.85b 5.18b 3.82a 3.18b 2.26b 2.62b

Spodosol  21.5a 21.1a 19.0a 22.3a 34.0b 352b 38.6b 57.9a 3.86a 3.41a 2.16b 1.79b 225a 1.86a 1.40b 1.50b
55.0a  56.3a 50.8b 55.6a 259b 309> 343b 51.8a 436a 3.80a 2.57b 2.41b 2.37a 2.06a 1.51b 1.61b

Average 41.1b  41.4b 35.1c 42.8a 25.4d 29.3c 343b 52.0a 6.04a 6.04a 3.77b 3.46b 2.78a 2.08ab 1.49b 1.75b

Note. Means followed with the same lower case letter within a row did not differ statistically by Tukey test (5%);
C.V. (%) P=4.8; C.V. (%) K=12.2; C.V. (%) Ca=5.6; C.V. (%) Mg =6.

We observed an interaction between soil dilution and the K content in the soil (Table 7), where increasing
soil:solution ratio increased the amount of soil K extracted compared to the standard method. The soil dilution
effect was less pronounced in soils with low K amounts; however in soils with higher K content, there was a
significant increase on the amount of soil-K extracted due to soil dilution increase. For Ca and Mg, the
soil:solution ratio affected the amounts extracted in all soils, regardless the element content in the soil (Table 7).
The amounts of soil Ca and Mg extracted decreased as soil dilution increased. The results (Table 7) showed that
K had an opposite behavior to Ca and Mg; thereby, when the extraction of Ca and Mg decreased, the extraction
of K increased, as previously observed in other studies. These results differ from Sparks (2003), who reported
that higher solution dilution favors the exchange of cations of higher valence, namely Ca and Mg in this study
compared to K.

3.6 Laboratory Temperature

As the temperature and soil-P increased, the amounts of P extracted increased significantly (Table 8). Extractable
soil-K was not significantly affected by laboratory or room temperature, likely due to the low levels of K in most
of the soils used in this study. Kinetic energy of the substances increases with temperature, and therefore the ion
activity in the solution, as well as the buffering capacity and CEC. These factors are more important for the
extraction of K, Ca, and Mg than for P. The greater extraction of P with increasing temperature is probably due to
increased solubility of low solubility compounds. More importantly, the temperature increase also expands the
resin matrix structure. The resin expansion exposes additional sites for sorption of ions present in the solution. In
addition, increasing temperature increases ion activity with adsorbed ions of the solution, thereby, increases the
concentration of elements in soil solution. Yang et al. (1991b) observed that the resin extraction of elements from
the soil can affect nutrient extraction positively or negatively due to temperature range and is specific for each
nutrient and soil type.
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Table 8. Phosphorus, potassium, calcium, and magnesium extracted with ion exchange resin membrane affected
by laboratory temperature

Environmental temperature (°C)

Soil 10 15 25 40 10 15 25 40 10 15 25 40 10 15 25 40
P K Ca Mg
mg dm cmol, dm™
Oxisol 30a 45a 49a 72a 591a 630a 593a 585a 393b 442b 522a 570a 185b 219ab 211b 247a
155d 243c 315b 594a 426a 435a 442a 422a 468c 602b 647b 744a 206c 245b 237be 295a
322d 466c 603b 1038a 515b 522b 534b 579a 329¢ 345¢ 467b 636a 190c 221be 227b 3.18a
nceptisol 30b 62ab 63ab 93a  445a 435a 472a 98b  577c 980b 1009b 1230a  235c 357a 303ab 38%a

Spodosol 121c 17.7b 190b 278a 388b 402a 315c 428a 168b 211b 238ab 292a 1.10b 136ab 126b 1.68a
335d 429c¢ 508b 70.7a 318b 354a 306b 374a 19b 220b 266ab 343a LI8b 131b 136b 1.82a

Acrisol 19a 26a 27a 4la 133b 156ab 135b 181a 059a 035a 037a 049a 0.9 016b 054a 020ab
175¢ 266b 285b 409a 133b 161a 125b 181la 065a 02la 053a 04la 0.14a 009a 0.2a 0.16a
390d 545¢ 623b 92la 133b 188a 129b 206a 048a 02la 05la 066a 017a 013a 0.14a 0.17a

Average 206d 29.7c¢ 351b 535a 344b 370a 343b 373a 264c 337c¢ 377b 479a 123¢c 155b 149b 193a

Note. Means followed with the same lower case letter within a row did not differ statistically by Tukey test (5%);
CV. (%) P=7.1;C.V. (%) K=10.6; C.V. (%) Ca=10.3; C.V. (%) Mg =10.5.

Due to the numerous changes occurring in soil as a result of temperature, the process of extraction with resin is
always affected, regardless of the type of resin used in the extraction procedure. Data (Table 9) were obtained by
the spherical resin method proposed by Raij et al. (1986). Just as in the extraction with resin membrane, the
amounts extracted increased with increasing temperature. The same was observed for the extraction of K,
particularly with higher levels in the soil. The extracted Ca and Mg concentrations were unaffected by higher
temperatures (Table 9). These results are similar to those obtained with the resin membrane (Table 8). The results
show that the extraction technique with resin is influenced by temperature and must be controlled throughout the
extraction process. This finding is therefore a negative aspect of the use of resin in the determination of nutrient
availability as a standard laboratory practice, especially in regions with a wide range temperature throughout the
year, requiring a more rigorous control of this effect to achieve and maintain analytical reproducibility.
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Table 9. Phosphorus, potassium, calcium, and magnesium extracted with ion exchange resin in sphere affected
by environmental temperature

Environmental temperature (°C)

Soil 15 25 15 25 15 25 15 25
P K Ca Mg
----------------------- LTI — mmmmmmmmmmmmemme- ¢MO] dMT Ao
Oxisol 12.8b 17.0a 429b 74.1a 243 a 238a 0.85a 0.84a
53.0b 68.7 a 35.1b 54.6a 232a 23la 091a 098a
66.1b 91.1a 1092 b 1872 a 242a 239a 0.98 a 093a
Inceptisol  160a  189a 351b  585a 233a 229a  099a  099a
33.7b 431a 136.5b 1989 a 245a 248 a 0.75a 0.77 a
94.2b 105.6 a 4290 50.7 a 232a 239a 0.98 a 0.99 a
“Spodosol 27b  287a 312a 351a 23la  218a  091a  085a
54.0b 69.2a 31.2b 39.0a 245a 238a 099a 0.96a
84.7b 1334 a 312a 312a 235a 229a 0.85a 0.88a
“Alfisol  74b 1202 351a  273b 245a  238a  099a  097a
21.0b 285a 15.6b 234a 232a 233a 0.89a 0.85a
68.1b 97.7a 15.6b 234 a 2.15a 225a 093a 093a
CAcrisol 24a 462 39a  39a 243a  233a  09a 09la
27.8b 379 a 39a 39a 241 a 229a 0.98 a 0.95a
583b 77.1a 39b 11.7a 2.18a 223a 0.85a 0.88a
Average 416b  556a 383b  s46a 236a  233a  092a 09la

Note. Means followed with the same lower case letter within a row did not differ statistically by Tukey test (5%);
C.V. (%) P=4.1; C.V. (%) K=8.4; C.V. (%) Ca=15.3; C.V. (%) Mg =4.9.

3.7 Resin Amounts

There was interaction between the resin amounts and soil P concentration (Table 10). The use of two resin
membranes extracted greater amounts of P from all soils. However, the effect was more pronounced in soils with
high contents of both clay and P. This effect was also found by Sagger et al. (1990) who obtained 25-40% more P
extracted by using two resin membranes. Increasing the amount of resin, besides increasing the exchange
capacity, increases the contact surface between the resin and the ions in solution and therefore the activity of
bicarbonate ions in the solution. According to Sibbesen (1978), the increase of bicarbonate ions creates more
competition with phosphate ions for exchange sites, releasing the P.

The content of extracted Ca and Mg were affected by the amount of resin (Table 10). There was a significant
difference in the amounts extracted in the soils with higher contents of these elements. The amount of soil-K
extracted increased in all soil when two resin membranes were used, regardless the soil-K content. The increase
of resin amount can be more important for extraction of all cations, whereas in the study of some factors we
observed competition between K, Ca, and Mg for the resin.

3.8 Impact on Crop Nutrient Recommendations

Soil testing quality plays an important role on results that directly impact crop nutrient recommendations.
Temperature in the laboratory is one important factor to be controlled during the soil testing routine. We
observed that at 40 °C laboratory temperature the P recommendations to corn were underestimated in soils with
very low and very high P (Table 11). In some cases, the P applied was reduced by 33% and the impact on
farmer’s profit could be great especially due the high costs involved in corn production, mainly in Brazil where P
sources are costly. We observed a shift in soil P classes according to increased laboratory temperature (Table 11).
Lower temperature, on average reduced the P recommended for corn by 33%. This large rate change surely could
adversely affect corn yield. Temperatures from 15 to 25 °C did not affect the P recommendation, except for the
Alfisol where the P level was originally classified as high (25 °C) and shifted to medium (15 °C). Based on the
results, laboratory temperature must be taken into account and controlled in the soil testing laboratory to produce
reliable P fertilizer recommendations for crops based upon a predictive soil-test result.
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Table 10. Phosphorus, potassium, calcium, and magnesium extracted with ion exchange resin membrane affected
by amount of resin

Amount of resin (n)

Soil 1 2 1 2 1 2 1 2
P K Ca Mg
----------------------- mg dm” cmol, dm™ ------m-mememmeeo
Oxisol 49a 6.4a 593b 69.3 a 522a 583 a 2.11b 2.66a
31.5b 442 a 442 a 48.6 a 647 a 7.38a 2370 3.08a
60.3 b 76.8 a 53.4a 57.0a 4.67a 544 a 2270 345a
CInceptisol 63b  98a 472a  485a 10.09b  1338a 303b  394a
18.1b 26.8a 43.1a 414a 4490 6.66 a 2.68b 4.07a
58.8b 76.1a 492 a 447 a 9.99b 1439a 2.82b 422a
“Spodosol  19.0a  192a 315b 3952 238a  323a 126b  172a
50.8b 54.0a 30.6b 363 a 2.66a 349a 1.36b 191a
819b 85.6a 348 a 36.2a 3.03a 390 a 1.25b 1.76 a
CAlfisol 82a  88a 338a  304a 209a  294a 0.84a  L19a
20.0a 214 a 30.6a 3l.1a 1.86a 272 a 0.75a 1.10a
73.0b 82.3a 28.7b 343 a 227a 3.03a 0.80a 1.09a
Acrisol 27a  34a 135a  142a 037a  068a 054a  0.19a
285a 293 a 1256 162 a 0.53a 0.63 a 0.12a 0.12a
623 b 721a 1290 16.8 a 0.51a 0.86a 0.14a 0.19a
Average 351b  4l.la 343b  376a 377b  497a 1.49b  2.05a

Means followed with the same lower case letter within a row did not differ statistically by Tukey test (5§%); C.V.
(%) P=4.6; C.V. (%) K=28.0; C.V. (%) Ca=13.0; C.V. (%) Mg = 14.

4. Conclusion

Modifications in the extraction procedure with ion-exchange resin membrane resulted in significant differences
in the extracted amounts of soil P, K, Ca, and Mg. Among the variables studied, temperature had the greatest
effect on the amounts of P extracted by resin ion exchange membrane and similarly with ion-exchange resin
spheres. Temperature effects on soil P extraction can result in inadequate P recommendations to crops, which
would have a larger impact on those soils with already low P availability to crops. Temperature must be
controlled to avoid inaccurate results that can affect fertilizer recommendations to crops. Studies with soils from
other regions and also with large variability in soil nutrient contents are necessary to better understand the factors
that affect resin membrane efficiency in the soil testing analyzes.
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Table 11. Phosphorus extracted with ion exchange resin membrane affected by laboratory temperature and the
impact on nutrient recommendation to corn in Southern Brazil®

Laboratory temperature (°C)

Soils 10 15 25 40
P

Soil-P StatusJr Appliedi Balance¥ Soil-P  Status Applied Balance Soil-P Status Applied Balance Soil-P  Status Applied Balance

mg-dm kg-ha! % mg-dm? kgha! % mg-dm> kgha! % mg-dm™ kgha! %
Oxisol 3.0a VL 215 100 4.5a VL 215 100 4.9a VL 215 100 7.2a L 175 81

155d M 165 122 243¢ H 135 100 315 H 135 100 594a VH 90 67

322d H 135 150 46.6c VH 90 100 60.3b VH 90 100 103.8a VH 90 100
Tnceptisol 306 VL 215 123 62b L 175 100  63b L 175 100 93 L 175 100

8.7¢ 175 106 1416 M 165 100 181b M 165 100 32.1a H 135 82

29.7d H 135 150 450c VH 90 100 588 VH 90 100 95.5a VH 90 100
Spodosol 120c M 165 100 1776 M 165 100  190b M 165 100 278 H 135 8

335d H 135 150 429¢c VH 90 100 50.8b VH 90 100 70.7a  VH 90 100

528 VH 90 100 71.0c  VH 90 100 819 VH 90 100 118 VH 90 100
Alfisdl 66 L 175 100 75 L 175 100  82b L 175 100 1182 M 165 94

11.3¢ M 165 122 20.0b M 165 122 2096 H 135 100 28.6a H 135 100

432d VH 90 100 6l4c VH 90 100 73.0b VH 90 100 100da VH 90 100
Actisol 192 VL 215 100 26a VL 215 100 27 VL 215 100  4la VL 215 100

17.5¢ 165 122 26.6b H 135 100 285b H 135 100 409a VH 90 67

39.0d H 135 100 545¢ VH 90 100 623b VH 90 100 92la VH 90 100
Avege 2064 - 9 67 297 - 135 100 351 - 135 100 535 - %0 6

Note. §: Means in soil-P followed with the same lower case letter within a row in soil-P did not differ statistically
by Tukey test (5%); C.V. (%) =17.1;

+: P status in soil based on soil-P extracted (mg dm™) with membrane resin according to Southern Brazil Manual
for Crop Nutrient and Lime Recommendations. Very Low (VL = soil-P < 5.0); Low (L = soil-P range of
5.1-10.0); Medium (M = soil-P range of 10.1-20.0); High (H = soil-P range of 20.1-40.0); Very High (VH =
soil-P > 40.0);

1: P applied to corn to an expected yield of 10 Mg ha™ according to Southern Brazil Manual for Crop Nutrient
and Lime Recommendations.

¥: P balance is amount of P (in percent) above or below recommendation P applied considering 25 °C as
laboratory temperature standard (100%).
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