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Sulfur (S) deficiencies in grain and forage crops have been detected in many agri-
cultural regions of the world, but soil tests are not commonly used as the basis for S
Sertilizer recommendation programs. Errors of measurements of soil sulfate were deter-
mined to assess whether the variation among and within soil-testing laboratories could
be a factor that prevent the adoption of soil testing to assess soil sulfate availability.
Subsamples of 10 selected soils (Mollisols) from the Pampas (Argentina) were sent in
two batches to five soil-testing laboratories. Laboratories were unaware of the existence
of subsamples and performed routine sulfate analysis as if these soils came from 60 dif-
ferent fields. Soil sulfate ranged from 3.3 to 20.6 mg kg~'. One laboratory reported
sulfate values greater than the other ones, having a mean bias of 4.1 mg kg=' S sul-
fate (SOy4). The other four laboratories reported similar sulfate values when soils had
low sulfate availability (less than 10 mg S kg™'), even when they used different extrac-
tants. Considering only these four laboratories, average interlaboratory coefficients
of variations ranged from 6 to 24% for the 10 soils. Within-laboratory mean coeffi-
cients of variation (CVs) ranged from 12 to 22%. However, mean absolute errors of
all laboratories were less than 1.2 mg kg=' S-SO,4. Two laboratories reported differ-
ent sulfate values for the two batches of shipment (an average difference of 4.7 and
3.8 mg kg~! of S-SO,). Laboratories using different extractants obtained similar results,
suggesting that using the same extractant is not a prerequisite to standardize laboratory
results in these soils. Differences between laboratories in our study were smaller than
in other interlaboratory comparisons for soil sulfate. These differences could be easily
detected and corrected if laboratories participate in an interlaboratory control system.
The observed low mean absolute errors suggested that, in general, all laboratories
achieve acceptable precision when evaluating within the same batch of determina-
tions. Differences between batches of shipment (within laboratory error) stressed the
importance of using reference material for internal quality control.
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Introduction

Sulfur (S) deficiencies in grain and forage crops have been detected in many agricultural
regions of the world (Bansal, Sharma, and Singh 1979; Gutierrez Boem, Prystupa, and
Ferraris 2007; Haneklaus, Bloem, and Schnug 2008; Islam and Ponnamperuma 1982).
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However, a soil test is not commonly used as the basis for S fertilizer recommendation
programs. The lack of consistency between soil test and crop response that has been
observed in several regions may have prevented the adoption of a soil test for S recom-
mendations (Mascagni, Harrison, and Padgett 2008; Rehm and Clapp 2008; Scherer 2001;
Schnug and Haneklaus 1998; Vaughn, Jones, and Center 1987). Among the possible causes
of this lack of consistency, variability in soil-test results from within and among laborato-
ries is a major concern. Soil-testing laboratories use different solutions for the extraction
of soil sulfate and different techniques to determine the concentration of sulfate in the
extract (Crosland, Zhao, and McGrath 2001). In the Pampas (the main agricultural region
of Argentina), all soil-testing laboratories determine sulfate in soil extracts by turbidimetry,
while the extractant varies among laboratories. The most common extractants are cal-
cium phosphate, ammonium acetate, and potassium phosphate. Several studies showed that
the critical level of soil sulfate for crops and pastures varied with the extracting solution
(Bansal, Montiramani, and Pal 1983; Blair et al. 1991; Islam and Ponnamperuma 1982).
Different extracting solutions evaluate different forms of available sulfate such as sulfate
in solution, adsorbed sulfate, and part of the organic S that mineralizes during crop season
(Anderson et al. 1992; Blair et al. 1991; Watkinson and Kear 1996). Sulfate determination
by turbidimetry is simple but has several problems that reduce its precision and accuracy
such as interference from organic matter, color of the extract, and stability of the suspension
(Ajwa and Tabatabai 1993; Anderson et al. 1992).

Accuracy and precision are the parameters used to test the quality of measurements
obtained with different laboratory techniques of soil analysis (Ajwa and Tabatabai 1993).
Accuracy is the closeness of the results to a true or expected value and is affected by
random and systematic errors. In laboratory comparisons, the true value is defined as
the mean plus a confidence interval obtained from laboratories without discrepancies.
Precision refers to the reproducibility and repeatability of the results obtained by each
laboratory and is affected by random errors. Precision is evaluated through the variance
or the variation coefficients obtained after analyzing the same sample several times. The
precision measured in quick succession, in which a single operator uses the same reagents,
soil batches, and materials (precision within run) is called repeatability. If the analyses are
made by different operators or sample batches, the precision between-run replicates can be
measured, which is the reproducibility (Miller and Miller 2005).

The aim of this study was to assess whether the variation among and within laborato-
ries could be a factor that prevents the use of soil testing to assess soil sulfate availability.
Our approach was to determine the errors of measurements of soil sulfate by the major
laboratories of the Pampas region. Because soil-testing laboratories use different extrac-
tants, methods of determination of sulfate in the extract are not precise, and determination
of sulfate is not yet included in any interlaboratory control system, our working hypothesis
was that soil sulfate results would vary widely among laboratories.

Materials and Methods

Thirty soils were sampled within the Rolling Pampa of Argentina. Soil samples were col-
lected from the top 20 cm of the soil profile, air dried, sieved to 2 mm, and homogenized
using an open bin riffle splitter (Schumacher et al. 1990). Ten soils were selected that had
ranges of sulfate levels that included the critical levels for most extractants reported in
the literature (Dick, Kost, and Chen 2008). All soils were noncalcareous, loess-derived
Argiudolls or Hapludolls (Soil Survey Staff 1999). Thirty subsamples from each soil were
prepared with a riffle splitter. A first batch of three subsamples of each soil was sent to
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the five most important soil-testing laboratories of the Pampas region. A second batch of
three subsamples of each soil was sent 6 months later to the same laboratories. During
this 6-month period, air-dried soil samples were stored at room temperature. Laboratories
involved in this study were not informed, and soil subsamples were numbered at random as
if they came from 60 different fields. Therefore, each laboratory analyzed the 60 samples
received (two batches of 30) as samples from different soils. All laboratories performed the
measurement of S sulfate (SO427) by turbidimetry, using the following extractants: ammo-
nium acetate with acetic acid (laboratories 1 and 2), monocalcium phosphate (laboratories
3 and 5), and monopotassium phosphate (laboratory 4).

Differences among laboratories in the sulfate value reported for soils were evaluated
by regression analysis, comparing the results from each laboratory to each other. A line
representing the relationship between the amounts of sulfates measured by two differ-
ent laboratories in the 10 soils was fitted using the standardized major-axis method. This
method has been identified as more appropriate than linear regression when the objective
is to describe the relationship between two variables measured with error or to test whether
two measurement methods are in agreement (Warton et al. 2006; Webster 1997). The per-
mutation of variables Y and X does not affect the line fitted by this method (i.e., fitting
Y vs. X or X vs. Y yields the same line). Tests of whether slopes were different from 1 and
intercepts were different from 0 were performed. The software SMATR was use for fitting
the lines and testing the significance of their parameters (Warton et al. 2006).

Precision of sulfate determination within each laboratory was evaluated, calculating
the variance, standard deviation, coefficient of variation [CV (%)], and mean absolute error
(MAE) of sulfate values reported for each soil. The MAE was calculated as the average of
the absolute values of differences between the measured value in each subsample and the
mean of the three subsamples considered (Willmot and Matsuura 2005). Variances were
compared using an F test.

The batch effect on the accuracy of the measurements was evaluated using generalized
linear models adjusting a gamma function with identity link (Lindsey 1997). Additionally,
a t test was performed to evaluate the significance of the batch effect within each laboratory.

Results and Discussion

Accuracy of Measurements

Comparisons of sulfate values reported by each laboratory for the 10 soils are shown in
Figure 1. Table 1 shows the parameters of fitted functions and its significance. Mean sul-
fate values reported by laboratories 2, 3, and 5 for each soil were not different, as fitted
functions to compare their results were not different from the 1:1 line.

Sulfate values reported by laboratory 1 were greater than those of other laboratories
in 39 out of 40 pairs of soil, having a mean bias of 4.1 mg kg~! S-SO,= (Figure 1). When
comparing laboratory 1 with laboratories 4 and 5, the intercept was different from 0 (P <
0.05) and with laboratory 3 the intercept tended to be different from O (P < 0.10). The slope
was not significantly different from 1 (except in comparison with the laboratory 4). These
results suggested that laboratory 1 presented a systematic error in the sulfate determination,
as the bias of laboratory 1 was independent of the measured value. This type of error is
relatively easy to detect and correct in an interlaboratory control system because it does
not depend on the sulfate concentration of soil.

When laboratory 4 was compared with its counterparts, slopes significantly different
from 1, with a mean value of 1.45, were found (Figure 1). The intercept ranged between
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Figure 1. Comparisons of sulfate values reported by each laboratory for the 10 soils analyzed. Each
point is the mean (from six subsamples) of each soil; bars indicate standard deviation of the mean.
The dotted line is the function y = x, and the solid line the fitted line by SMA for the two laboratories.

Table 1
Comparison of sulfate measurements among laboratories: parameters
(intercept and slope) of the fitted functions and p values of the tests
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Laboratories (Y vs. X) Intercept p value Slope p value
Y=a+bX) (a) Hp:a=0 (b) Ho:b=1
2vs. 1 —-3.919 0.123 0.9653 0.847
3vs. 1 —2.767 0.095 0.8656 0.281
3vs.2 0.792 0.556 0.8967 0.512
4vs. 1 —8.210 0.017 1.396 0.047
4vs.2 —2.468 0.260 1.447 0.038
4vs.3 —3.747 0.073 1.613 0.004
Svs. 1 —5.286 0.008 1.039 0.728
S5vs.2 —1.014 0.518 1.076 0.637
5vs.3 —1.965 0.221 1.200 0.215
Svs. 4 0.823 0.185 0.7441 0.002
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—8.21 (L4 vs. L1) and —1.10 (L4 vs. LS). Therefore, laboratory 4 tended to overestimate
sulfate values, with increasing differences as soil sulfate concentration increased. As this
error was associated with the soil sulfate concentration, is more difficult to detect in an
interlaboratory control system, as it should include samples with a range of sulfate con-
tent. However, for soils with low sulfate availability (values less than 10 mg kg™!), their
measurements were similar to those obtained by laboratories 2, 3, and 5, even when lab-
oratory 4 used potassium phosphate, a different extractant than the others laboratories.
Laboratory 2 measurements coincide with those of laboratory 3 and laboratory 5, even
when laboratory 2 uses a different extractant (ammonium acetate used by laboratory 2 and
monocalcium phosphate used by laboratories 3 and 5). These results suggest that in these
soils, employed extractants would not affect measured sulfate concentration. Accordingly,
Crosland, Zhao, and McGrath (2001) argued that differences in reported values by differ-
ent laboratories were the result of the extraction procedure (soil/extractant ratio, extract
treatment, etc.) rather than a direct effect of the extractant.

Differences among laboratories in our study were smaller than in other interlaboratory
comparisons for soil sulfate. In an interlaboratory comparison with two soils and 10 labo-
ratories, results ranged from 2.5 to 8.7 mg kg~! in one soil and from 3.0 to 15.2 mg kg~! in
the other one (Crosland, Zhao, and McGrath 2001). In our study, the soil with the greatest
difference ranged from 9.6 to 17.2 mg kg~!. When results from laboratory 1 were excluded
from the analysis, interlaboratory CVs ranged from 6 to 24%, similar to those reported for
common soil test for phosphorus (from 10 to 22%, Kleinman et al. 2001).

Precision

Comparison of variances, CV, and mean absolute error (MAE) revealed significant differ-
ences in repeatability among laboratories (Figure 2). Laboratory 2 was the most precise and
laboratory 3 was least able to repeat the same value for the same soil sample. The other
laboratories showed intermediate performance. Variances ranged from 0.2 to 3.6, values
within the range of variance observed by Pandey and Girish (2007) for the standard tur-
bidimetric technique (0.7 to 10.7) and a modified turbidimetric method proposed by these
authors (0.3 to 4.7).

When the precision was evaluated by means of the coefficients of variation, the ranking
of laboratories changed for laboratory 1 because of its positive bias for sulfate determina-
tion. Mean sulfate value of laboratory 1 (13 mg kg~') was greater than the overall mean of
all laboratories (9.8 mg kg~!). The mean CV of the five laboratories was 16% and ranged
from 12.3% to 22.0%. These values were within the range of CVs reported by Ajwa and
Tabatabai (1993) for turbidimetric measurements of sulfate in soils (from 10.9% to 28.5%),
but greater than those reported for a common soil test for phosphorus (from 2.8% to 10.6%,
Wolf and Baker 1985). However, MAEs of all laboratories were less than 1.2 mg kg~!
S-S0y, indicating that, in general, all laboratories had demonstrated acceptable precision
within the same batch of determinations.

Variation between Batches of Shipment

The analysis of the effect of two temporally displaced sample sets on laboratory mea-
surements showed a significant batch x laboratory interaction (P < 0.01). Differences
between batches were significant only for laboratories 1 and 4 (P < 0.01)(Figure 3a). The
differences between batches, average of 10 soils, were 4.7 and 3.8 mg kg~! of S-SO, for
laboratories 1 and 4, respectively. These results showed that the systematic error of labora-
tory 1 was mainly due to its determinations in the second batch of shipment. This variation
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Figure 2. Variances, coefficients of variation (CV), and mean absolute errors (MAE) for each
laboratory. Different letters denote significant differences between variances (F test, o« = 0.05).

in values obtained between two sample sets (i.e., low reproducibility) could be prevented
by using reference material for internal quality control (Miller and Miller 2005). In this
case, it also reveals the importance of retesting the same samples spaced out in time for
interlaboratory control systems.

Figures 3b and 3c show the measurement variability of the two batches of shipment
for each laboratory. Laboratories 4 and 5 had a different precision depending on batch
of shipment, while the precision of the other laboratories was not affected by batch of
shipment. Laboratories 4 and 5 significantly reduced the variance of the second sample set
when compared to the first one (Figure 3b).

Conclusions

The analysis of accuracy indicated that four of the five laboratories reported similar sulfate
values when soils had low sulfate availability (less than 10 mg S kg~'). One laboratory
(laboratory 4) tended to determine sulfate values greater than the other laboratories when
extractable soil sulfate concentration exceeded 10 mg S kg~!, and another laboratory (lab-
oratory 1) had a positive bias regardless of the measured value. An interesting finding of
this work was that laboratories using different extractants obtained similar results, suggest-
ing that using the same extractant is not a prerequisite to standardizing laboratory results
in these soils. Differences between laboratories in our study were smaller than in other
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Figure 3. Effect of batch of analysis on (a) mean sulfate values (from three subsamples of each of
the 10 soils), (b) variances of sulfate measurements, and (c) mean absolute errors. Asterisks indi-
cates significant differences of sulfate values (t test) or variances (F test) between the two batches
(¢ = 0.05).

interlaboratory comparisons. These differences could be easily detected and corrected if
laboratories were to participate in an interlaboratory control system.

The precision of sulfate determination was similar to those reported in previous stud-
ies. The observed low mean absolute errors suggested that a lack of precision in the analysis
would not be a determining factor for not using this soil test as part of a fertilizer recom-
mendation program. If in subsequent field experiments, crop response to S fertilization is
found to be related to soil sulfate concentration, then the soil test does demonstrate both
accuracy and precision and could be used as a routine soil-testing tool in soils similar to
those included in this study.

Our results indicate that commercial laboratories measuring S should participate in
interlaboratory assays. These interlaboratory assays should have to be conducted on at
least two batches of soil samples covering a range of extractable sulfate concentrations.
Thus, errors associated with the magnitude of the measured value could be detected.
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