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Abstract

Kučera A., Šikl J., Oulehle F., Šamonil P., Marosz K., Hleb R., Houška J., Hruška J.: Comparison of 
modern and traditional methods of soil sorption complex measurement: The basis of long-term 
studies and modelling. Ekológia (Bratislava), Vol. 33, No. 1, p. 48–59, 2014.

This paper presents the correlations between two different analytical methods of assessing soil nu-
trient contents. Soil nutrient content measurements measured using the flame atomic absorption 
spectrometry (FAAS) method, which uses barium chloride extraction, were compared with those 
of the now-unused Gedroiz method, which uses ammonium chloride extraction (calcium by ti-
tration, magnesium, potassium and sodium by weighing). Natural forest soils from the Ukrainian 
Carpathians at the localities of Javorník and Pop Ivan were used. Despite the risk of analysis errors 
during the complicated analytical procedure, the results showed a high level of correlation be-
tween different nutrient content measurements across the whole soil profile. This allows concen-
tration values given in different studies to be linearly recalculated on results of modern method. 
In this way, results can be used to study soil’s chemical changes over time from the soil samples 
that were analysed in the past using labour-intensive and time-consuming methods with a higher 
risk of analytic error.

Key words: Gedroiz, flame atomic absorption spectrometry, base cations, soil analysis, natural 
                    forest, sorption complex.

Introduction

An invaluable type of ecological research is the study of long-term changes in natural ecosys-
tems, but only a few studies have been conducted in this field (Billet et al., 1990; Hallbäcken, 
Tamm, 1986; Smethurst, 2000; Vieira et al., 2009). Long-term assessment requires decades 
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of measurements and may be confounded by simultaneous changes in other factors affecting 
the ecosystem, such as climate or disturbance. Such studies cannot be fully replaced by either 
gradient approaches or mathematical modelling. In gradient studies, inferring the temporal 
sequence requires accepting the assumptions of space-for-time substitution, i.e. processes 
that occur first in a temporal sequence also occur first along a gradient of the variable ex-
amined. Mathematical models developed from short-term changes of selected factors are by 
definition incomplete. One key requirement for research into long-term (on decadal scale) 
ecosystem development is the standardization of methodologies. In order to obtain relevant 
results, it is necessary to accurately repeat original methods, or to develop models compar-
ing results from original methods (which are usually more time- and labour-intensive) with 
modern techniques.

In the 1930s, in order to study the dynamics of natural forests, permanent research plots 
were established in what is now the western Ukraine (Zlatník et al., 1938). Some of these 
forest ecosystems are now among the last remnants of natural forests in Europe (http://whc.
unesco.org). With the aim of elucidating the relations of tree and herb layer vegetation with 
soil characteristics, comprehensive analyses (for the time) were done of plant species compo-
sition, dendromass volume and soil characteristics. The original Zlatník et al. (1938) research 
allows studying the long-term development of well-preserved natural forest ecosystems. In 
the 1990s, the research on Zlatník’s plots was repeated in order to study changes in these nat-
ural forest ecosystems after about 60 years (Houška, 2007; Hrubý, 2001; Šebesta et al., 2011; 
Vrška et al., 2009). However, comparing the changes in soil chemistry and predicting the 
future developments are hardly possible without exact repetition of the used analytical meth-
ods. The ancient methods for analysing soil nutrients were different from those used cur-
rently, from the viewpoint of procedures and therefore the results. Only results of relatively 
non-complicated methods such as soil acidity, soil sorption and individual cations bound to 
the sorption complex have been compared along gradient of time till now (Chapman, Kelley, 
1930; Brown et al., 1999; Klinka et al., 1980; Tamm, Hallbäcken, 1988; Vranová, 2005). Only a 
few works, especially those published long ago, deal with the comparison of results from dif-
ferent methods or with nutrients amount assessing according to Gedroiz (Bouyoucos, 1926; 
Brugess, Breazeale, 1926; Cooper, 1930; Ernest, Berg, 1954; Perkins et al., 1932; Wilde, 1954). 
On the other hand, a comprehensive comparison of different methods assessing exchange-
able base cations content in soil has not yet been done. However, the comparison of different 
methods can lead to precision of long-term studies and furthermore to the verification of 
nutrients amount models, frequently focused on soil pollution, soil acidification or nutri-
ent losses (Belyazid et al., 2006; Małek et al., 2005; Oulehle et al., 2010, 2012). This study 
focuses on the quantification of soil base cations, with the aim of examining the relationships 
between current standard methods and those commonly used until the middle of the 20th 
century. Research in the 1930s by Zlatník et al. (1938) used a nutrient measurement method 
according to Gedroiz (Gedroiz, 1926; Maláč, 1933; Novák,  Klika, 1934), which analysed cal-
cium, magnesium, potassium and sodium in an extract of ammonium chloride. Base cation 
content was measured by barium chloride (Gillman, Sumpter, 1986; Sumner, Miller, 1996) 
using FAAS or flame atomic emission spectrometry (FAES) (Haswell, 1991; Hoenig, 1996; 
Reynolds, 1996; Thompson, Banerjee, 1991; Zbíral, 2002). This method was chosen in terms 
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of the high precision within routine use. The historic method is based on the extraction of 
bases by ammonium chloride followed by end-point titration for measuring calcium and 
mass-based measurement of magnesium, potassium and sodium. We hope that our results 
will be generally useful for comparing results of historic forest soil analyses with modern 
results.

Material and methods

Description of localities and soil sampling

The research site Javorník lies close to the Slovakian–Ukrainian border at an altitude of 850 m above sea level (a.s.l.) 
(22°31'E; 48°55'N). The natural forest is composed mainly of European beech (Fagus sylvatica L.) with occasional 
Sycamore maple (Acer pseudoplatanus L.). The bedrock is composed of thin-layer clay-sand flysch from mainly 
oligocennic Magura sandstone, characterized by marked heterogeneity in the contents of quartz or the character 
of cement. The research site is located on a north-east slope of about 26% inclination. Predominant soils are Haplic 
Cambisols with dysmull humus form (Baize, Girard, 1992; Jabiol et al. 1994; IUSS, 2006).

The research site Pop Ivan is located on the Ukrainian–Romanian border at an altitude of 1480 m a.s.l. (24°31'E; 
47°57'N). The natural forest is composed predominantly of Norway spruce (Picea abies L. Karsten). The geologic 
basement is made up mostly of upper Proterozoic to lower Paleozoic crystalline rocks (shale, gneiss, phyllite), with 
admixtures of Paleogen flysch and Jurassic crystalline limestone. The research site is located on a southern slope 
with average inclination of 30%. Predominant soils are Cambisols (Hyperdystric, Skeletic) and Entic Podzols (Skel-
etic) with dysmoder humus form.

Soils were sampled in 2009 in a total of 12 soil profiles (8 at Javorník, 4 at Pop Ivan). Soil samples were taken 
from the organic horizons (L+F, H) and further from the depths 0–10; 10–20; 20–40 and 40–80 cm in the mineral 
soil. Historic analyses of nutrient content using the methods of Gedroiz were done at all four profiles at Pop Ivan, 
and at four profiles at Javorník (a representative four profiles were selected based on the smallest absolute divergence 
from the overall average of the eight profiles sampled), for horizons H and for all four depths. For the analysis, 40 
samples were used in total.

Laboratory analyses

Laboratory work consisted of measuring nutrient content using two different extraction methods: all soil samples 
(40 in total) were extracted with both ammonium chloride and barium chloride. Cations were then measured in 
three ways: (1) by titration and weighing for ammonium chloride extracts (marked in Results as ‘Gedroiz (original 
method)’); (2) by FAAS for ammonium chloride extracts (marked in Results as ‘Gedroiz (AAS)’); and (3) by FAAS 
for barium chloride extracts (marked in Results as ‘BaCl2 (AAS)’). Samples were assessed as fine soil (<2 mm for 
mineral horizons, <5 mm for organic horizons).

The chapter is subdivided into items for each method of extraction (ammonium chloride or barium chloride) 
and each analytical method (Gedroiz or AAS).

Extraction solutions

(1) Ammonium chloride (NH4Cl) eluent, 1M (53.49 g NH4Cl/l); (19) barium chloride (BaCl2) eluent, 0.1M BaCl2. 

Chemical, reagents and special materials

(2) Concentrated hydrochloric acid (HCl), 37%; ρ  = 1.19 g.cm−3; (3) concentrated nitric acid (HNO3), 65%, 14.4 M, 
ρ = 1.14 g.cm−3; (4) demineralized water (DIW); (5) ammonia (NH3) (H2O/NH3 ratio of 1:1); (6) methyl red (0.1 g 
free acid dissolved in 100 ml ethanol (w = 0.06) or 0.1 g sodium salt in 100 ml distilled water; (7) ammonium acetate 
(C2H7NO2) solid; (8) ammonium oxalate ((NH4)2C2O4 (saturated solution: 44 g/l); (9) ammonia (NH3), concen-
trated 25%; (10) dilute sulphuric acid (H2SO4), 24%, ρ = 0.46 g.cm−3; (11) concentrated sulphuric acid (H2SO4), 96%, 
ρ = 1.84 g.cm−3; (12) potassium permanganate (KMnO4) titration solution, 0.02M: 3.16 g dissolved in 1 l DIW; (13) 
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concentrated ammonium hydroxide (NH4OH); (14) hydroxyquinoline (C9H7NO), 2% alcohol solution (2 g of solid 
dissolved in 100 ml alcohol (prepared fresh)); (15) ammonium carbonate ((NH4)2CO3) with an addition of NH3 
(about 5 ml of NH3 added to a solution of 50 g (NH4)2CO3/500 ml DIW); (16) concentrated perchloric acid (HClO4) 
(70%); (17) ethanol 96%; (18) ammonia water: about 10 ml concentrated NH3 in 0.5 l DIW; medium density filter 
paper (e.g. Filtrak 389, Macherey Nagel MN 640 m, Sch & Sch S.S 589/2); dense filter paper (e.g. Filtrak 391, Mach-
erey Nagel MN 640 dc, Sch & Sch S/S 589/3); fritted glass filter or G3 frit (for filtering small crystals).

Extractions

Extraction by NH4Cl

To 25 g of the fine-earth fraction (<2mm, Zbíral (2002), add 100 ml of ammonium chloride (1) solution (soil/
reagent, 1:4 w/v). After 15 minutes on a horizontal shaker, let it slightly settle and then filter the suspension to a 
volumetric flask with minimal volume 1000 ml. Repeat extraction, shaking and filtering two more times, adding 
to the same flask. After the last shaking the entire sample volume should be quantitatively poured on the filter and 
washed with extraction solution until there is no more reaction to calcium (cca 1–2 ml eluate precipitated with hot 
ammonium oxalate (8)). To the filtrate, add 10 ml concentrated hydrochloric acid (2) and let evaporate till dry. Add 
2 ml concentrated nitric acid (3) and let evaporate till dry, then repeat (oxidation – removing excess ammonium 
chloride). Add a few drops of concentrated hydrochloric acid (2) and let evaporate, then repeat (removing silicon 
dioxide by dehydration). Add 10 ml concentrated hydrochloric acid (2) and then add 50 ml hot water. Silicic acid is 
removed by filtering and washing with hot water into a 250 ml volumetric flask. After reaching room temperature, 
fill to the mark and use the mixed solution for measuring calcium, magnesium, sodium and potassium.

Extraction by barium chloride

Barium chloride of 50 ml (19) was added to10 g of fine-filtered soil (as above) (soil/reagent, 1:5, w/v), shaken for 
2 hours and filtered through dense filter paper. The container with soil suspension was rinsed with another 50 ml 
BaCl2 and quantitatively transferred to the filter paper (a total of 100 ml eluent).

Analytical methods

Nutrient content measured according to Gedroiz

General description of the method: From the eluate, calcium is determined as calcium oxalate by titration with potas-
sium permanganate (12), magnesium is determined by weighing as the Mg(C9H6ON)2*2H2O precipitate; potassium 
is determined by weighing as potassium chloride; and sodium is determined by weighing as sodium chloride. This 
method of measuring soil nutrient content was recommended for non-carbonate soils.

Measuring of calcium: In a 250 ml volumetric flask, add 100 ml of extract and evaporate to about 50 ml, and 
with ammonia (5), using methyl red indicator (6), precipitate sesquioxides (aluminium, iron, manganese). After 
hydroxides become cloudy, filter through medium filter paper to a new 250 ml flask and wash well with hot water to 
a volume of 150 ml. Reduce the volume of the filtrate by evaporation to 50 ml. To the hot solution, add about 0.5 g 
of ammonium acetate (7) to prevent co-precipitation of magnesium with calcium, and 5 ml of ammonia (9). In the 
hot solution, precipitate calcium with the saturated ammonium oxalate solution (8) until completely precipitated 
(about 20 ml) by forming calcium oxalate. Filter the solution with precipitate through dense filter paper to a 250 ml 
flask (to be used for magnesium determination). Wash with hot water. Tear up the filter with precipitate and wash 
with hot water into the original 250 ml flask where it was precipitated. The filter is then dissolved and washed with 
dilute sulphuric acid (10). Wash with hot water. To the solution with dissolved calcium oxalate, acidify with 5 ml 
concentrated sulphuric acid (11). Titrate with potassium permanganate (12) to pink.

	C alculation:
	 1 ml 0.02M KMnO4 = 2.0040 mg Ca (1)

Measuring of magnesium: Evaporate the filtrate that was filtered from the precipitated calcium oxalate to about 50 
ml. Add about 2 g of ammonium acetate (7) and 5 ml of ammonium hydroxide (13) (an excess of ammonium salt 
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is necessary to prevent extraction of magnesium hydroxide). Warm the solution to about 60°C and precipitate with 
drop-by-drop addition of 8-hydroxyquinoline solution (14). A slight excess of reagent should be added (recognized 
by the solution yellowing). During precipitation, the temperature increases almost to boiling. Let the precipitate set-
tle and filter through a weighed fritted glass filter. Wash with hot ammonia water (18). Dry the filter for 2 hours at 
105°C, and weigh the dehydrated Mg(C9H6ON)2*2H2O.

	C alculation:
	M g= mg Mg(C9H6ON)2.2H2O × 0.0698 (2)

Measuring of sodium and potassium: To 100 ml extract, add five drops of hydrogen peroxide (oxidation of, e.g., iron 
before precipitating with ammonia) and heat to boiling. Evaporate to about 50 ml. Precipitate with ammonia (5) 
with indication by methyl red (6) and let settle. Filter through the medium density filter to a 250 ml volumetric flask 
and wash with warm water. Evaporate the filtrate to about 50 ml, heat to boiling and precipitate with hot ammonium 
oxalate (8) (about 10–20 ml). After the precipitate has settled and while still hot, precipitate with about 5 ml of warm 
solution of ammonium carbonate (15). This precipitates calcium, magnesium and barium. After settling (about 1 
hour), filter through medium density paper and acidify with 10 ml hydrochloric acid (2). Transfer the solution to 
a pre-weighed platinum bowl and evaporate till dry on a hot plate followed by over a flame to remove ammonium 
salts. After cooling in a desiccator, the bowl is weighed to get the weight of chlorides (KCl + NaCl).

Dissolve the chlorides in the bowl with 10 ml hot water and then add 2 ml hydrochloric acid (2) and 1 ml of 
perchloric acid (16). Evaporate on the hot plate until white steam appears. Again add 1 ml of perchloric acid (16) and 
again warm until white steam (about 2 min.). Let the platinum bowl cool, then add 10 ml ethanol (17). If large crys-
tals form, break them up with a rod. Filter through a pre-weighed fritted filter with a funnel, wash with alcohol. Dry 
the filter at 130°C for about 2 hours, then weigh (weight of potassium perchlorate). Wash with hot water (to dissolve 
the potassium perchlorate) and again dry at 130°C. The difference gives the weight of pure potassium perchlorate.

	C alculation:
	 mg KClO4 × 0.5381 = mg KCl (3)
	 mg KClO4 × 0.2822 = mg K (4)
	 mg (KCl + NaCl) – mg KCl = mg NaCl (5)
	 mg NaCl × 0.3934 = mg Na (6)

Resulting values of element concentration are recalculated to values per 1 kg dry weight by multiplying by 100.

Nutrient content assessing using AAS and additive analysis

Amounts of calcium and magnesium were measured using FAAS, potassium and sodium by FAES in an acetylene-
air flame. Interference was eliminated by concurrent dilution and adding excess lanthanum. Signal evaluation was 
done by a calibration curve (Zbíral, 2002).

The methods for measuring contents of the fine-earth fraction, pH, and soil chemistry (Al3+, oxidative carbon 
(Cox) and total nitrogen (Nt)) are described in Oulehle et al. (2010).

Data processing

For individual statistical analysis (for data from four soil profiles at Javorník and four profiles from Pop Ivan) of nutrient 
content values obtained by the three different methods, we performed tests of normality, correlations between nutrient 
concentrations from the three methods and calculated linear correlation models and correlation curves with confidence 
intervals at a significance of 0.05. For correlation analyses, the null hypothesis H0 was that there should be no linear 
relationship between methods at a significance level of α = 0.05. Calculations were done in the software Statistica Cz 9.0.

Results and discussion

Soils at Javorník had a markedly higher trophic level in all evaluated layers, as reflected in 
values of CEC (cation exchange capacity) and individual base cations, as well as in the C/N 
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ratio (Table 1), which was lower at Javorník due to the higher nitrogen content. Soil acidity 
was higher at Pop Ivan. Element contents in individual soil horizons were locality-specific, 
and the results of correlations are expected to be applicable for a wide concentration range 
(Table 2).

Table 1. General soil properties in organic horizons and referential depths. part 1: fine soil content, soil reaction 
active and potential, nutrients concentrations measured in BaCl2extracts usingAAS); part 2: TEA – total exchan-
geable acidity, CEC – cation exchange capacity, BS – base saturation, C – oxidative carbon, N – total nitrogen, C/N 
– CN ratio

For data from all eight soil profiles, the Shapiro–Wilk (S-W) test did not confirm the null 
hypothesis (H0) of a normal distribution (at α = 0.05) (Table 2). The deviation from normality 
was also clear from the significantly positive skew and leptokurtic distribution. The data set 
was also characterized by high variability resulting from the use of samples from the entire 
soil profile.

We used non-parametric correlation analysis by calculating the Spearman coefficient 
(critical value is 0.304 for 40 values). Figures 1–3 and Table 3 show the relationships between 
concentrations of individual cations measured using the three different methods: (1) titra-

Explanations:  Mean value ± SD, * Fine soil = <5mm for L+F and H; <2mm for mineral soil, Methods described in 
Oulehle et al., 2010. STOTEN
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tion and weighing for ammonium chloride extracts (marked as ‘Gedroiz (original method)’); 
(2) FAAS analysis of ammonium chloride extracts (marked as ‘Gedroiz (AAS)’); (3) FAAS 
analysis of barium chloride extracts (marked as ‘BaCl2(AAS)’). The closest correlations were 
for bivalent nutrients (calcium and magnesium), while monovalent cations (potassium and 
sodium) were less correlated. For the correlation between ‘Gedroiz (original method)’ and 
‘Gedroiz (AAS)’, the null hypothesis was not rejected for sodium (Fig. 3d). The low correla-
tion for monovalent cations can be explained by their overall low proportion in the sorp-
tion complex, where potential errors during analytical measurements as well as limits of 
availability of cations resulting from cations complementarity, Gapon constant, soil acidity, 
mineral composition and so on (Brady, Weil, 2002; Novák, Klika, 1934; White, 2006) are 
more noticeable. 

Fig. 1. Correlations of individual nutrient concentrations between BaCl2 (AAS) (X-axis) and Gedroiz 
(AAS) (Y-axis) (dotted lines indicate regression limits at 0.95 confidence levels).

As expected, the most significant correlation was between values determined using the 
same final measurement technique (AAS). Furthermore, from Table 3 and Figs 1 and 2, it 
is clear that most of the potential error arises from the steps following extraction, i.e. when 
measuring cation concentrations (with the exception of magnesium, nutrient content values 
from barium chloride are more correlated with those from the original method than from 
values from ammonium chloride extracts using AAS). When converting nutrient concentra-
tions analysed, according to Gedroiz (1926), the most optimal would be to measure cation 
concentration in barium chloride extracts and AAS, and then convert to ‘Gedroiz (original 
method)’ using the equations in Table 4.
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Fig. 2. Correlations of individual nutrient concentrations between BaCl2 (AAS) (X-axis) and Gedroiz 
(original method) (Y-axis) (dotted lines indicate regression limits at 0.95 confidence levels).

Fig. 3. Correlations of individual nutrient concentrations between Gedroiz (AAS) (X-axis) and 
Gedroiz (original method) (Y-axis) (dotted lines indicate regression limits at 0.95 confidence levels).



57

Nutrient Gedroiz (AAS) vs. BaCl2
 (AAS)

Gedroiz (original method) vs. BaCl2 
(AAS)

Gedroiz (original method) vs. Gedroiz 
(AAS)

Ca 0.996 0.987 0.977
Mg 0.996 0.907 0.916
K 0.995 0.65 0.611

Na 0.821 0.399 0.273

Table 3. Spearman correlation coefficients of individual nutrient concentrations (italics indicates those where the 
null hypothesis was rejected).

If alkali metal carbonates and soluble salts in the sample analysed are present, this must be 
taken into account (and was pointed out in the original paper of Gedroiz (1926)). In case soils do 
not contain alkali metal carbonates or soluble salts, during the extraction calcium tests are usually 
negative (noted in the section ‘Analytical methods’). Even in these cases, soil is rinsed to the filter 
paper using up to 500 ml of filtrate. It is also recommended to use a large amount of extract for 
measuring, especially in the case of potassium and sodium, up to 10 times higher concentration 
of eluate (Breazeale, 1926), which are present in low amounts in non-salty soils. However, the re-
sults can then be markedly skewed by trace amounts of potassium and sodium in the ammonium 
chloride reagent, which is especially problematic when using high concentrations (large amounts) 
of extraction reagent. It is thus necessary to determine the amount of alkali in the eluent (1).

Even though there are up to three times higher calcium concentrations at Javorník, it is not in 
carbonate form (as determined using hydrochloric acid according to Zbíral (2002)).

In the past, Gedroiz’s method was used for the analysis of soil sorption complex in many fields 
of soil science, as well as in plant physiology or mineralogy as illustrated by several citations (Ahi, 
Powers, 1938; Cooper, 1930; Ernest, Berg, 1954; Gedroiz, 1923, 1929, 1931; Selman, 1925; Silva, 
1934). There are very probably many works soliciting a repetition of investigation, which can be 
done using modern analytical method and recalculation to equivalent ‘old data’ or conversely.

Conclusion

Results of soil analyses from the first half of the 20th century obtained using the method of Ge-
droiz (1926) are useful for studies of long-term changes in soil chemistry. The original method is 
repeatable, and comparable to results using modern methods (barium chloride extracts + AAS; 
ammonium chloride extracts + AAS). Our results can facilitate the data recalculation obtained 

Nutrient Gedroiz (AAS) (y) vs. Gedroiz (original method) (y) vs. Gedroiz (original method) (y) vs.

BaCl2 (AAS) (x) BaCl2 (AAS) (x) Gedroiz (AAS) (x)

Ca y = 4.1714 + 0.7565*x y = 38.4685 + 0.9427*x y = 33.8888 + 1.2448*x

Mg y = 1.8032 + 1.0889*x y = 14.2888 + 0.687*x y = 12.9995 + 0.6331*x

K y = 7.3559 + 0.9823*x y = 12.7715 + 0.8927*x y = 6.7679 + 0.9018*x

Na y = 5.6796 + 0.8677*x y = 20.9655 + 1.7261*x y = 16.086 + 1.5765*x

Table 4. Equations from linear models for converting nutrient concentration values that obtained by different me-
thods.
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formerly using Gedroiz analysis, and hence for the comparison of soil nutrients amounts in the 
past and in the present. The linear models of concentration relationships from different methods 
can be used to compare data sets and recalculate results. In this way, the disadvantages of using 
historic methods are mostly their difficulty and risk of analytical errors, which can be overcome.

These results can be used to re-calculate values from soils with comparable chemistry to those 
tested here. Unknown factors may arise in analyses of other soils with markedly different chemis-
try that could influence the tight correlation seen here between different methods.
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