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1 |  INTRODUCTION

Farmers and crop advisors rely on soil testing to evaluate 
soil nutrient status and to plan fertilizer applications. Plants 
require at least 14 essential plant nutrients, which can be 
classified into macro-  (N, P, K, S, Ca, Mg and Na) and mi-
cronutrients (Cu, Zn, Mn, B, Mo, Si, Ni, and Cl) (Kirkby, 
2012). Several different soil testing methods have been 

developed to estimate the capability of soil to provide nu-
trients for crops, without clear consensus on which method 
to apply (Hochmuth & Hanlon, 2010; Stockdale et al., 2002; 
Wuenscher et al., 2015). Several regional soil testing meth-
ods have been applied for decades to identify crop- limiting 
factors and to guide fertilizer applications (Berger & Truog, 
1939; Spurway, 1948; Vuorinen & Mäkitie, 1955). Soil test-
ing is also used to monitor the build- up and draw- down of 
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Abstract
Traditionally, locally calibrated soil tests were used for fertilizer and lime recommen-
dations. Farmers and advisors are increasingly using new ‘universal’ soil tests without 
local calibration. The objective of this study was to compare five commercially avail-
able soil tests and to determine whether they would provide similar recommendations. 
In total, 24 fields in Western Finland were sampled for 4 years while being treated 
with fertilizers, lime and manure. The soil samples were analysed with Mehlich- 3, 
ammonium acetate, H3A, hydrochloric acid and mild acetic acid (Spurway) extract-
ants. In addition, Soil Health Tool (CO2 burst, water- soluble C and N) and tissue 
testing were conducted. The different tests extracted different orders of magnitude 
of nutrients (especially P and Mg), but the results from the different extractions were 
correlated. Mehlich- 3 degree of phosphorus saturation (DPS) presented a threshold, 
below which soluble phosphorus was not detected. Similar thresholds were found 
for P, S and Mg. Mehlich- 3 and ammonium acetate provided similar results for Ca, 
Mg and K and can be used interchangeably for liming recommendations. Mehlich- 3 
identified more fields with Zn, Cu, B and S deficiencies and less fields with Mn defi-
ciencies compared with ammonium acetate + EDTA and tissue testing. The tests had 
strong correlation, but the determination of nutrient deficiencies needs local calibra-
tion of deficiency limits.
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soil nutrient levels over time in response to fertilization prac-
tices (Blake et al., 2000). Especially for phosphorus, built- up 
nutrient reserves can present long- term eutrophication risks 
(Dari et al., 2018) and are subsequently monitored for water 
quality in many countries.

Instead of an universal soil extractant, over 10 extraction 
methods are currently used for official nutrient testing in 
European countries (Jordan- Meille et al., 2012). Some coun-
tries test only pH, P, K and Mg (AHDB, 2020), while oth-
ers measure a more complete nutrient profile (Zbíral, 2016). 
Method comparisons have been done for phosphorus (Jordan- 
Meille et al., 2012; Wuenscher et al., 2015), but not for all 
other nutrients (Matula, 2009; Mohammadi et al., 1991; 
Zbíral & Němec, 2009). In addition, new ‘soil health’ based 
extractants, such as the H3A (Haney et al., 2016), aim to sim-
ulate plant root exudates, but the methods need extensive local 
calibration (Bavougian et al., 2019; Chu et al., 2019). In addi-
tion, the extractants differ in the quantity and intensity of nu-
trients extracted, making some methods more sensitive to soil 
conditions. Where extraction methods have been compared 
in different soils, opposing results in extraction strength have 
been found because of chemical interactions between nutri-
ents (Redd et al., 2008; Zbíral & Němec, 2009). Different soil 
tests can provide different fertilizer recommendations for the 
same soil sample (Jordan- Meille et al., 2012). The increased 
availability of different analyses can be confusing to farmers 
and crop advisors. How should they interpret the results and 
how to relate different soil tests to each other?

To learn what new information different soil tests can 
offer for the land managers, we compared five commercially 
available soil tests (Mehlich- 3, ammonium acetate + EDTA, 
HCl, mild acetic acid and Haney H3A Soil Health Test) 
using soil samples collected during the short- term (4 years) 
soil quality experiment (Mattila & Rajala, 2017, 2020). An 
overview of the study set- up is presented in Figure 1. We 
analysed the correlation between soil tests to see whether ad-
ditional testing offers additional information, compared the 
classification of samples to deficient/sufficient/excessive to 
compare recommendations and monitored the change of fer-
tility over time to evaluate the sensitivity of the tests.

2 |  MATERIALS AND METHODS

2.1 | Test fields and soil sampling

The test fields were a part of a 4- year experiment, where 
different measures were applied to develop soil health and 
productivity (Mattila & Rajala, 2017, 2020) (Table 2). The 
fields were chosen by volunteering farmers and their advisors 
to represent fields with poor and good crops. The poor field 
was split into two halves (1 and 0), where one half would 
be subjected to soil amendment to improve productivity. The 
field sections were 0.5– 5 ha in size, depending on location. 
The initial concept was to use soil testing to identify the dif-
ferences, but no single indicator was found to identify soil 
productivity differences (Mattila & Rajala, 2017). The fields 
were in the West Coast of Finland and included histosols, 
regosols, podzols and stagnosols. Basic chemical properties 
of the tested soils are presented in Table 1. Two of the soils 
were non- limed and unfertilized histosols, which resulted 
in low pH and high OM. Most of the fields were silty clay 
loams, with slightly acidic pH, high CEC and relatively high 
OM.

Each field was sampled two times per year. The fall sam-
pling consisted of collecting 40– 60 soil cores (15 mm diam-
eter, 17 cm depth) from each field, collected using a transect 
method. These samples were used for the Finnish soil test 
(AAC + EDTA), reserve nutrients (HCl), Mehlich- 3 analysis 
and Soil Health Tool (H3A). The spring sampling (15– 20 soil 
cores) was used for Spurway extraction. Different sampling 
times were used, as the Spurway analysis is intended to mea-
sure readily plant- available nutrients before the growing 
season, while autumn sampling represented the traditional 
sampling time of the region. All soil samples were air- dried 
before shipping for analysis.

The Mehlich- 3 and reserve nutrient tests were conducted 
only in 2015 and 2018, yielding 48 tests for comparison. 
Spurway testing was done 2016– 2018 yielding 72  sam-
ples. Soil Health Tool and Finnish soil test were conducted 
throughout the period, yielding 96 samples. In addition, plant 
tissue samples were collected during the growing season at 

F I G U R E  1  Soil samples from 8 sites 
(treated (1), untreated (0) and well- growing 
field (K): 24 management units, 4- year 
monitoring) were extracted with different 
commercial soil extracts and the results 
were compared to published deficiency 
limits
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the appropriate phenological stages (flag leaf for cereals, 
beginning of flowering for legumes and potato). The tissue 
samples were tested for total N, P, K, S, Ca, Mg, Cu, Mn, Zn, 
Fe and B using ICP after dry combustion (Eurofins Finland 
Oy). The tissue sample results were compared to published 
sufficiency level norms (Bryson & Mills, 2015). A direct 
comparison between tissue test levels and soil testing was 
not possible, as the tissue testing represented different crops 
(oats, barley, rye, peas, beans, potatoes, vetch) and the crops 
were fertilized in the spring, masking the connection between 
autumn soil samples and summer N, P and Mn tissue testing 
results.

The experiment was interactive. Soil condition was evalu-
ated after the first round of sampling and analysis and soil im-
provement plans were made for each test field together with 
the farmers and their advisors. Subsequent sampling rounds 
functioned as monitoring, to see whether the soil amend-
ments had an effect on soil chemical, biological or physical 
quality. As a result of the wide mix of planned interventions 
(Table 2) and the use of several interventions on each site, the 
results could not be used to give general conclusions on the 
effect of improvement measures on soil test results. Instead, 
we focused on comparing the tests to each other and to see 

whether they would capture similar trends in nutrient level 
changes.

2.2 | Soil nutrient analysis methods

The chemical extraction methods and their proposed reaction 
mechanisms are presented in Table 3. Details of each extrac-
tion method are given in the following paragraphs.

Mehlich- 3 (M3) is a widely used universal extractant with 
several reaction mechanisms. It contains acetic acid (low pH), 
ammonium nitrate (cation exchange), ammonium fluoride 
(to complex aluminium), nitric acid (dissolution) and EDTA 
(complexation) in low pH 2,5 (Mehlich, 1984). It is applied 
for phosphorus testing (Penn et al., 2018), as well as other 
macro-  and micronutrients (Ondřej et al., 2018; Walworth 
et al., 1992, p. 3). In addition, Mehlich- 3 can be used to esti-
mate the phosphorus saturation ratio (PSR) with comparable 
results to an oxalate based extraction (Kleinman, 2017). PSR 
can then be used to estimate plant phosphorus availability 
and nutrient- leaching risks (Nair, 2014). Mehlich- 3 analysis 
was done at Logan Laboratories in Ohio, United States.

Two Finnish standard soil tests were used, one used three 
extractants: ammonium acetate, EDTA (AAc  +  EDTA) 
(Berger & Truog, 1939; Lakanen & Erviö, 1971; Vuorinen 
& Mäkitie, 1955) combined with hot water boron extraction 
(Berger & Truog, 1939). The other measured reserve nutri-
ents with hot hydrochloric acid (HCl) (Kaila, 1967; Saarela 
et al., 2003). This HCl correlates with nitric acid digestion 
results, but overestimates potassium in some soils (Kaila, 
1967). The hydrochloric digestion dissolves apatite type 
phosphorus as well as Fe-  and Al- bound phosphorus (Kuo, 

T A B L E  1  Basic soil properties for the test fields in the study 
(n = 24)

Statistics pH H2O CEC [cmol kg−1] OM [%]

Minimum 4.2 8.0 2.8

Median 6.6 27.5 6.4

Maximum 7.1 42.0 40.3

Mean 6.4 24.0 11.1

Type Intervention Sites

Chemical Ammonium sulphate Sa

Manganese seed treatment Sa, Hy

Boron fertilizer Ju, Hy, He, Lu, Pa, Ha, Sa

Potassium sulphate Pa, Ha

Biotite rock dust Ha

Gypsum Sa, Hy, Ju, He

Lime Kä

Physical Fixing drainage outlets Ju, Lu, Pa, He

Deep soil loosening Hy, Ju, He, Ha, Sa

Surface mixing tillage Hy, Ju, Sa, Kä

Land grading Pa, Sa

Drain jetting Hy, Ju, He, Pa

Biological Cattle or chicken dry manure Kä, Ha, Ju

Biochar Lu

Multi- species cover crop Hy, Ju, He, Sa

Note: Details on sites and analysis reports can be found on Zenodo repository (Mattila & Rajala, 2020).

T A B L E  2  Soil improvements tested on 
different fields during the OSMO project
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1996). These soil analyses were conducted at Eurofins Soil 
Testing Laboratory, Mikkeli, Finland.

Spurway test (SPUR) uses a mild acetic acid to estimate 
readily available (water dissolved) nutrient levels (Spurway, 
1948). The test is more used for soilless growth media in 
greenhouses and provides similar results to saturated media 
extracts (SME) (Elliott et al., 1994). The soil analysis was 
conducted in Eurofins Sweden, which also provided the 
recommendations.

The AAc, SPUR and HCl test results were reported as nu-
trient weight by sample volume (mg L−1 soil). Therefore, the 
bulk density of the soil samples was analysed with the nutri-
ent extractions (at Eurofins Finland) and the results were con-
verted to mg kg−1 soil or ppm before comparing them with 
M3 and H3A extractions.

H3A extraction (H3A) has been developed to mimic the 
root exudates from plants and has undergone several re- 
designs (Haney et al., 2006, 2010, 2016). The extractant is 
mildly buffered to maintain soil pH and is based on chelation 
and desorption mechanisms. The H3A analysis is commonly 
linked to a more comprehensive Soil Health Tool analysis, 
which also includes estimates on soil microbial activity, solu-
ble carbon and soluble organic nitrogen (Haney et al., 2018). 
The extractant extracts much lower concentrations than for 
example Mehlich- 3 and developing recommendations would 
still require more field testing (Chu et al., 2019). The soil 
analysis was conducted at Woodsend Laboratories (Maine, 
USA), which also provided the recommended values for 
interpretation.

3 |  RESULTS

3.1 | Correlation between soil tests

3.1.1 | Phosphorus

The soil tests extracted different levels of phosphorus 
(Figure 2). HCl extracted highest amounts, followed by M3 
and milder acids; however, the mild acid H3A extracted much 
higher concentrations than AAc. Compared to the reserve- 
HCl extraction in 2018: Spurway test extracted 1% of reserve 
phosphorus, ammonium acetate extracted 6%, H3A extracted 
18%, and Mehlich- 3 extracted 38% on average. On the sam-
pled histosols, Mehlich- 3 extracted only 8% of reserve P, but 
on coarse sands, it extracted more than 80% of reserve P.

Generally, the soil tests were strongly correlated for P 
(Table 4). AAc correlated with all other methods except HCl. 
HCl correlated with M3 extraction. Spurway correlated well 
with ammonium acetate. H3A correlated well with ammo-
nium acetate and Mehlich- 3. The correlation was not always 
linear, and thresholds were identified (Figure 3). Spurway- P 
phosphorus was above the detection limit only when AAc- P T
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was higher than 20  mg  kg−1 or M3- P was higher than 
100 mg kg−1. These limits correspond to adequate (‘good’, 
index 3– 4) phosphorus concentrations for AAc (Vuorinen & 
Mäkitie, 1955) and twice the optimal level for M3 (Ondřej 
et al., 2018), but equal to the optimal value recommended by 
Logan Labs.

Water- soluble phosphorus was also detected when the de-
gree of phosphorus saturation (DPS- M3) was higher than 0.1 
(Figure 3a). Another threshold was found between HCl- P and 
M3- P (Figure 3b): the M3- P was higher than 100 mg kg−1 
only when reserve- P was above 400 mg kg−1.

3.1.2 | Cations: Ca, Mg and K

The soil tests extracted different amounts of Ca, Mg and K, 
but the test results were correlated (Figure 4). Correlation 
coefficients were R2 > .5 between all extracted Ca concen-
trations, except H3A extract. The correlations were also sig-
nificant at the p = .001 level for all other interactions, except 
between HCl vs. H3A and SPUR vs. M3. Reserve- HCl, AAc 
and M3 extracted calcium concentrations were of compara-
ble magnitude, while H3A and Spurway extracted a third of 
these levels (Figure 4a). This low extraction level would indi-
cate that on the investigated soils, there were small amounts 
of non- exchangeable reserve- Ca.

The soils had large K- reserve, as the HCl extracted Mg 
levels were much higher than other soil tests (Figure 3b). This 
Mg was not detected in AAc or M3 analysis, so it was non- 
exchangeable, but dissolved by the HCl. The Finnish recom-
mendation for reserve- Mg is 1000 mg L−1, and only four of 
the tested soils were lower than that (unlimed histosols and a 
coarse sand). During the experiment, the soils were treated with 
dolomitic lime, which raised reserve- Mg. H3A and SPUR ex-
tracted approximately 30% of the exchangeable M3- pool. The 
correlation between methods was high (R2 > .5*** for correla-
tion between all tests; R2 > .7*** for all correlations with AAc).

The potassium extractions were not as strongly correlated 
as for Ca and Mg (Figure 3c). AAc- K correlated with M3- K 
(R2 = 079***) and HCl- K (R2 =  .54***). Correlations be-
tween H3A- K and SPUR- K were significant, but the co-
efficient of determination was low (R2  =  .38***). The 
reserve- K analysis with HCl extracted much higher amounts 
of potassium than M3 and AAc. The Finnish recommended 

F I G U R E  2  The tested soil extractants solubilized different soil 
nutrient pools, with the highest pools solubilized with hydrochloric 
acid and Mehlich- 3 extractants
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sufficiency level for reserve- K is 600– 1000 mg/L−1 (Kaila, 
1967; Virkajärvi et al., 2014). Soil test results with sufficient 
reserve K had middle values of exchangeable K.

3.1.3 | Metallic trace elements: Zn, Cu, Mn, Fe

M3 and AAc  +  EDTA extracted similar amounts of Zn 
and Cu, and the correlation between tests was strong (Cu 

R2 = .80***; Zn R2 = .91***) (Figure 5a,b). AAc + EDTA 
extracted slightly higher concentrations than M3, despite 
the higher pH in AAc + EDTA, but the extractant had much 
higher concentrations of EDTA (Table 1) than M3. For Mn, 
the correlation between the extraction methods was weak. 
Only the correlation between M3 and Spurway was significant 
(R2 = .37*) (Figure 5c). The Finnish nutrient test is corrected 
for Mn availability with pH; therefore, the test results were re-
stored to the initial Mn- reserve this correction was reversed for 
analysis using published pH- correction values (Mohammadi 
et al., 1991). AAc + EDTA extraction extracted much higher 
concentrations than Mehlich- 3. On average, the levels in 
AAc + EDTA extraction were 4.9 times the M3 levels.

The different tests extracted similar amounts of Fe (Figure 
5d), but the correlation between tests was weak. AAc- EDTA 
correlated with H3A (R2 =  .42**) and M3 correlated with 
SPUR (R2 = .45**), but other correlations were not signifi-
cant (p > .05). SPUR extracted only a minor fraction of the 
M3- Fe. H3A extracted similar levels of Fe than M3, but the 
correlation between tests was low. AAc- EDTA extracted 
much higher concentrations than Mehlich- 3, especially from 
the two histosol samples (>2000 ppm).

3.1.4 | Water- soluble nutrients: B, S

The three analysed extractants (M3, hot water and SPUR) 
dissolved different boron pools (Figure 6a): hot water extrac-
tion extracted twice the amount of boron compared with M3 
and SPUR extracted half.

The methods were strongly correlated (hot water vs. M3 
R2 =  .67***; hot water vs. SPUR R2 =  .71*** and M3 vs. 
SPUR R2 = .49***), but had different concentrations.

For sulphur, the AAc and M3 tests gave interchange-
able results (Figure 6b) with high correlation (AAc vs. M3 
R2  =  .85***; AAc vs. SPUR R2  =  .83***; M3 vs. SPUR 
R2  =  .72***). In gypsum- treated soils, AAc showed much 
higher concentrations than M3. SPUR test also presented 
clear threshold behaviour, where the concentrations were 
below the detection limit (5 ppm) until the M3  levels were 
higher than 10 ppm and rose rapidly after 20 ppm (Figure 6b).

3.2 | Recommendations from soil tests

3.2.1 | Number of samples identified with 
deficiencies

In the beginning of the experiment, the analyses provided 
different overall pictures of nutrient deficiencies (Table 4, 
numerical results for soil and tissue tests in the Zenodo re-
pository (Mattila & Rajala, 2020)). Mehlich- 3  highlighted 
widespread K, S, Ca, Mn, Zn and B deficiencies. Ammonium 

F I G U R E  4  Relationship of nutrient concentrations extracted with 
different extractants compared with Mehlich- 3 for (a) calcium (Ca), 
(b) magnesium (Mg) and (c) potassium (K). (. Dotted line = 1:1 slope 
compared with Mehlich- 3.)
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acetate  +  EDTA identified the same nutrient deficiencies 
(except for Zn), but in a smaller share of samples. M3 also 
identified excess Mg in half of the soils. M3, AAc and H3A 
identified soils with excess P, but there were differences in 
identifying soils with P deficiencies. Widespread Ca defi-
ciencies were reported with M3, SPUR and H3A, but not 
with AAc, which also extracted higher concentrations of Ca 
than other extractants (Figure 3a). SPUR identified N, P, K, 
S, Ca, Zn and B deficiencies, which was a marked difference 
to other soil tests. H3A identified N and Ca deficiencies, but 
the biological components were not deficient, except for sol-
uble labile amine nitrogen (SLAN). The CO2 bursts ranged 
between 60 and 204 ppm (median 138 ppm). Only few soils 
had reserve- Ca or reserve- Mg deficiency, but reserve- P and 
reserve- K were diagnosed deficient in half of the soils.

For the initial testing, also cobalt (Co), molybdenum 
(Mo), silicon (Si) and selenium (Se) were measured from the 
Mehlich- 3 extract. Neither the laboratory nor scientific liter-
ature provided recommendations for these, but using growers 
association recommendations (Bionutrient Association), all 
soil tests would have been found to be deficient. The cobalt 
concentrations were less than 0.2 ppm (recommended 2 ppm), 
molybdenum less than 0.1 ppm (recommended 1 ppm), se-
lenium 0.02 ppm (recommended 0.5 ppm) and silicon 0.6– 
165 ppm (recommended 50 ppm). Silicon was deficient in 
all other soils except stagnosols. As Mehlich- 3 has not been 
commonly used for these nutrients, further studies on plant 
tissue concentrations and the correlation of Mehlich- 3 with 
more common oxalate extractions would be necessary to con-
firm the deficiencies. Overall, the low results would warrant 
also fertilizer response test plots, but they were not conducted 
during the experiment.

The analyses were sensitive to the changes in fertilization 
and liming (Tables 5 and 6). During the experiment, manure 
was used on several fields, which resulted in decreases in N, 
P and K deficient soils and increases in soils, which have 
excesses of these nutrients. The changes were the greatest 
with the H3A soil test that measured readily plant- available 
fractions. Gypsum and sulphur fertilization corrected S de-
ficiencies and developed some soils with excessive S in all 
compared tests. Gypsum increased Mg- deficient soils when 
analysed with H3A, but the Mg levels were lower also in 
soils with no gypsum addition. Boron fertilization corrected 
B deficiencies according to M3 and AAc tests, but not with 
SPUR, which may indicate too high sufficiency levels in the 
interpretation of Spurway data .

3.2.2 | Base cation saturation ratio (BCSR) 
interpretation

For comparison, the AAc concentration data were converted 
into estimated eCEC with the equation used for Mehlich- 3 
conversion to %- CEC in Logan Labs. The equation is based 
on the ‘sum of cations’ method, followed by a pH- dependent 
correction factor to convert the results to estimated potential 
CEC at pH 7.

Despite differences in absolute concentrations (Figure 4), 
the ratio of Ca, Mg and K to potential CEC was identical 
between Mehlich- 3 and ammonium acetate extractions. 
Estimated CEC was 60% higher with AA, but the individ-
ual cation ratios were highly correlated for Ca (R2 = .98***), 
Mg (R2 = .95***), K (R2 = .90***) and Na (R2 = .69***). 
Ca and Mg saturation ratios were almost identical between 

F I G U R E  5  Metallic trace 
elements: (a) zinc Zn, (b) copper Cu, (c) 
manganese Mn and (d) iron Fe (dashed 
line = 1:1 slope. Dotted horizontal and 
vertical lines = recommendation values for 
deficiencies and excess Fe.) 
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tests (intercept −0.01– 0.01, slope 0.9– 1.04). For K, AAc ex-
traction predicted lower K- saturation than M3. This lower sat-
uration was expected from the concentration results, as AAc 
extract extracted more Ca and Mg, but similar amounts of K 
(Figure 4), resulting in a smaller ratio of K to total cations.

3.2.3 | Degree of phosphorus saturation

A strong threshold effect was found between Mehlich- 3 
DPS and Spurway phosphorus (Figure 2b), and Figure 7 
presents DPS calculated from the results of three extract-
ants: Mehlich- 3 vs. H3A and AAc. The estimated levels 
were different, but the extractants had a strong correlation 
(R2 = .8*** for AAc vs. H3A, R2 = .88 for AAc vs. M3 and 

R2 =  .91*** for M3 vs. H3A). Since H3A extracted much 
lower amounts of Fe than M3 or AAc (Figure 4d), the es-
timated DPS was higher than with those methods. Also, as 
AAc extracted more Fe than the other methods, DPS was also 
lower. Consequently, 14  samples, with high M3- DPS, had 
low AAc- M3. Also, 11 samples with low M3- DPS had high 
H3A- DPS extract.

3.3 | Effect of soil amendments on nutrient 
concentrations

During the experiment, fields were treated with soil amend-
ments (lime, gypsum, biochar, boron fertilizer and ma-
nures, Table 2). Liming increased Ca and Mg levels in the 

F I G U R E  6  Water- soluble 
nutrients a) boron and b) sulphur (dotted 
line = 1:1 slope. Dotted horizontal and 
vertical lines = recommendation values for 
deficiencies and excess.)
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T A B L E  5  Fraction of samples in the pre- experiment tests 2015, where nutrient levels were considered deficient (n = 24, units % of samples)

Mehlich- 3
Finnish (AAc, AAc + EDTA, 
hot water B)

Reserve nutrients 
HCl Spurway

Soil health 
tool (H3A)

Tissue 
testing 2016 
(%)

N – – – 100 92 64

P 38 25 46 96 4 21

K 88 63 50 75 38 57

S 75 67 – 100 – 29

Ca 96 33 17 58 58 14

Mg 29 8 13 8 25 79

Cu 42 13 – – – 43

Zn 58 8 – 88 – 14

Mn 96 67 – 33 – 64

Fe 0 0 – 0 0 0

B 96 58 – 100 – 14

Microbial activity 
(CO2 burst)

– – – – 0 – 

WSOC – – – – 0 – 

SLAN – – – – 33 – 

Co 100 – – – – – 

Mo 100 – – – – – 

Se 100 – – – – – 

Si 46 – – – – – 

Note: Original measurements are available from the Zenodo repository (Mattila & Rajala, 2020).
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soil predictably, with Ca c.a. 500– 800 mg kg−1 and Mg c.a. 
200 mg kg−1 higher after application of dolomitic lime. The 
increases were similar in AAc and M3 soil tests, regardless 
of differences in initial soil test levels.

After 4  t/ha gypsum application, sulphur levels in 
the AAc analysis increased rapidly from 6– 10  mg  L−1 to 

100– 770 mg L−1. The levels decreased to 40– 90 mg L−1 the 
following year and to 20– 60  mg  L−1 after that. Mehlich- 3 
analyses in 2015 and 2018 had a similar trend. Also, SPUR 
results followed AAc results: high S concentrations in the 
following spring after treatment, and levels stabilizing to a 
higher, but not excessive, levels. Calcium levels in AAc ex-
traction increased by 100– 600 mg L−1 after application, but 
returned to pre- experiment levels by 2018. M3- Ca concen-
trations were 100– 200 mg kg−1 higher after the experiment 
on gypsum- treated soils. SPUR- Ca concentrations did not 
change following gypsum application. AAc- Mg concentra-
tions decreased with gypsum application, as did M3- Mg con-
centrations, but the concentration decrease in M3- Mg was 
smaller.

Manure application increased P concentrations in all soil 
tests except Spurway, where the P levels were below the de-
tection limit in manure- applied soils. Manure application (6 t/
ha chicken manure or 60 t/ha cattle manure) approximately 
doubled the amount of M3- P and resolved P deficiencies. 
AAc- P concentrations increased by a factor of 2– 4 depend-
ing on the initial state. The H3A extraction also increased by 
a factor of 2– 4 and showed excessive P- levels in all manure- 
applied soils at the end of the experiment.

Boron fertilizer (ulexite, at a rate of 1– 1.5 kg B/ha) was 
applied in 2016 to all soils which were identified as boron de-
ficient. This fertilization increased boron levels in hot water 
extraction and SPUR. The increases were the highest in soils 
with low initial B and medium to heavy texture. The levels 
stayed above sufficiency levels until the end of the experi-
ment, except for one coarse sand, where the levels decreased 
after the application year.

T A B L E  6  Fraction of samples in the post- experiment tests 2018, where nutrient levels were considered deficient (n = 24, units % of samples)

Mehlich- 3
Finnish (AAc, AAc + EDTA, 
hot water B)

Reserve nutrients 
HCl Spurway

Soil health tool 
(H3A)

Tissue 
testing

N – – – 96 42 50

P 13 8 46 96 – 25

K 79 29 42 67 17 31

S 17 13 – 71 – 0

Ca 63 21 – 71 88 44

Mg 13 0 4 – 96 31

Cu 38 13 – – – 6

Zn 54 21 – 83 – 0

Mn 96 83 – 42 – 56

Fe 0 0 – 0 0 0

B 63 38 – 96 – 6

Microbial activity 
(CO2 burst)

– – – – 0

WSOC – – – – 4

SLAN – – – – 4

F I G U R E  7  Degree of phosphorus saturation calculated from 
three extractions (Mehlich- 3, H3A and AAc) from 48 samples. The 
dotted lines represent threshold values for M3 (10%) and H3A (5%). 
The highest DPS was found on a coarse sand with low Fe and Al 
concentrations, but with substantial reserve P
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4 |  DISCUSSION

4.1 | Comparison of soil tests

The soil tests extracted different levels of nutrients, but the 
results had a strong correlation. For phosphorus the ranking 
of extractants supported earlier findings, where HCl extracts 
the highest amounts, followed by Mehlich- 3 and milder acids 
(Jordan- Meille et al., 2012; Wuenscher et al., 2015). Strong 
extraction by a weak acid H3A extractant can be associated 
with citrate and oxalate in the extractant, as both can extract 
high P concentrations (Wuenscher et al., 2015).

The correlation for Ca, Mg and K was strong between 
AAc vs. M3 and H3A vs. SPUR, which may indicate that 
H3A measures water- soluble instead of exchangeable cat-
ions. Interpretation of the H3A results for fertilizer recom-
mendations would need further testing, as observed by earlier 
studies as well (Chu et al., 2019).

For trace metals and boron, the correlation between soil 
tests was weaker. The three analysed extractants (M3, hot 
water, SPUR) dissolved different boron pools. The extractants 
did not have the exact composition used in boron fractionation 
studies (Hou et al., 1996), but they included extractants used 
in those. SPUR extracted readily soluble boron (cold water 
extraction), the Finnish soil test used boiling water extraction 
and M3 had ammonium fluoride and nitric acid, also used in 
measuring residual boron. The results did not fit this initial 
assumption of extraction efficiency (Figure 5a): hot water ex-
traction extracted twice the amount of boron compared with 
M3, and SPUR extracted half. This difference is in contrast to 
a study, where M3 extracted only slightly lower amounts than 
hot water (Zbíral & Němec, 2009) or where M3 extracted 
more boron than hot or cold water (Diana, 2008). It is there-
fore unclear, which boron pools are represented by different 
extraction methods. The hot water extraction extracts also 
organic matter- associated boron (Kang et al., 2002), which 
may explain the high boron concentrations, especially as the 
tested soils had high organic matter concentrations (Table 2).

The soils under study had large reserves of HCl and M3 
extractable P, K and Mg. Using strong extractants can pro-
vide complementary information on the P- supply that can po-
tentially be mineralized for plants, especially if coupled to a 
measurement of phosphorus saturation. The high DPS found 
in some soils indicates accumulated legacy- P, which can later 
be used for crop production (Dari et al., 2018). The legacy 
reserves amounted to several hundreds of kilograms of M3- P 
(using a conversion factor of 10 000 m2/ha × 1.2 kg/dm3 bulk 
density  ×  0.17  m sampling depth  =  2)). This accumulated 
legacy- P reserve can be a valuable crop production asset, if it 
can be mobilized for plant uptake (Stockdale et al., 2002). At 
the same time, it can be a risk for eutrophication, if it is mobi-
lized and not taken up by plants (Kleinman, 2017). Although 
soluble P can be measured directly (Spurway), in this study 

it was below the detection limit as long as DPS <0.1, so M3- 
DPS would be a more promising approach for tracking it. 
This same M3- DPS threshold value has also been identified 
in earlier studies on phosphorus solubility in different soils 
(Dari et al., 2018). Unfortunately, as M3, AAc and H3A ex-
tracted Fe, Al and P in different ratios, the same threshold 
cannot be directly used for other extractants. This lack of gen-
eralization may be a more specific issue for high Fe soils in 
this study, as the Fe levels in the samples were higher (Figure 
5d, 200– 500 mg kg−1) than critical values proposed for M3 
(60– 420  mg  kg−1 (Zbíral, 2016)). Therefore, EDTA in the 
M3 extractant may have been saturated with iron. In spite of 
this, M3- DPS of 0.1 was the threshold, where readily soluble 
SPUR- P concentrations were above the detection limit.

Several threshold values were found in addition to DPS. 
Another threshold was found between HCl- P and M3- P 
(Figure 3b) at 400 mg kg−1 HCl- P, which corresponds to the 
recommended sufficiency level for reserve- P (Saarela et al., 
2003). When HCl- Mg exceeded 2000 mg kg−1, the M3- Mg 
increased to above 250 mg kg−1 (Figure 4b). This threshold 
was also the recommended sufficiency level for reserve- Mg 
(Saarela et al., 2003). Similarly, water- soluble S was detected 
only when M3- S increased above 20 ppm, which corresponds 
with the critical test level of 21– 22  ppm identified earlier 
(Seth et al., 2018; Zbíral et al., 2018). The comparison of 
readily available nutrients to stronger extractants can identify 
thresholds, which corresponded to previously published suf-
ficiency levels.

Overall, the reserve extraction for Ca, Mg and K can pro-
vide additional information on the soil nutrient status. Results 
from weaker extractants depend on other soil properties, such 
as pH, redox and salinity, but the strong extraction by HCl 
(and to a smaller degree M3) represents the potential for soil 
to supply nutrients, if conditions are right. High reserves of 
Mg and K indicated that those nutrients could be supplied 
from the soil if nutrient cycling was adequate. Alternatively, 
soils with low reserves need additional fertilization to main-
tain exchangeable nutrient levels at adequate status. This 
reserve fertilization can be achieved through low- cost dolo-
mitic lime or potassium minerals (biotite).

4.2 | Interpretation of soil tests: Did they 
identify the same problems?

Although the soil tests provided correlating nutrient con-
centrations, they identified different nutrient deficiencies. 
This difference can be because calibration for the tests has 
been done in soils with different properties (i.e. OM, Fe). 
Comparing the sufficiency levels of the AAc and M3 tests 
(dotted lines in Figure 5), Mehlich- 3 identified more soils as 
Zn, Cu and Mn deficient than AAc + EDTA. This high share 
of deficiencies was in contrast with tissue testing, where 
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only a minor fraction of tested crops were Zn or Cu deficient 
(Tables 4 and 5). Further work is necessary to calibrate the 
proposed Mehlich- 3 sufficiency levels (Zbíral, 2016) to high 
iron content soils.

However, the AAc + EDTA can explain only a small share 
of Mn deficiency and in earlier studies the AAc- EDTA ex-
tractant has extracted four times the exchangeable amount of 
Mn from Finnish soils (Mohammadi et al., 1991). Therefore, 
as the M3- Mn concentration was one- fourth of the AAc- 
EDTA concentrations, it would be close to the exchangeable 
Mn levels.

Using the currently published recommendations for boron, 
Mehlich- 3 would diagnose a large fraction of the tested soils 
to be boron deficient while hot water analysis would diagnose 
them as sufficient. Hot water, cold water and M3 have been 
used to estimate boron uptake from soil in alfalfa successfully 
(Redd et al., 2008). Therefore, in theory, all three investigated 
methods could be used to determine critical levels, but the 
analyses cannot be used interchangeably because of different 
levels. In addition, hot water extraction can extract organic 
matter bound B (Kang et al., 2002), which may not be bio-
available to plants. Plant tissue testing identified only very 
few boron deficiencies, in contrast to soil testing, but this low 
result may have more to do with the plant choices, as cereal 
grains have low boron requirements (Bryson & Mills, 2015).

M3 identified more soils as S deficient than AAc, espe-
cially after S deficiencies had been treated with soil amend-
ments. Gypsum applied sulphur has become bound with 
organic matter rapidly (Matula & Pechová, 2005), which 
could indicate that the AAc extraction can dissociate more S 
from organic matter than M3.

If recommendations for Ca, Mg and K are based on total 
CEC, AAc and M3 give similar recommendations. Although 
the base cation saturation ratio (BCSR) has been rightfully 
criticized (Hochmuth & Hanlon, 2010), the overall idea is 
that higher CEC requires more (absolute) Ca to make (rela-
tive) Ca plant available (Gransee & Führs, 2013; Marschner 
& Rengel, 2012) and to maintain good structure (Dontsova 
& Norton, 2002) is robust. In the Finnish recommendation 
system, CEC is not measured, but Ca, Mg and K recommen-
dations are based on a recommendation table with different 
soil types and organic matter levels, providing an estimate 
of the CEC of the soil (Vuorinen & Mäkitie, 1955). In the 
soils of this study, ammonium acetate extraction provided 
comparable results to M3, but the estimated CEC was 60% 
higher, which can result in an overestimation of prescribed 
soil amendments. Ammonium acetate underestimated K- 
saturation compared with Mehlich- 3, which may result in 
higher K fertilization prescriptions, if base cation satura-
tion ratios (BCSR) are used for potassium recommendations 
(Hochmuth & Hanlon, 2010).

Internationally, Ca and Mg saturation ratios are used for 
planning liming and gypsum applications for increasing Ca 

saturation and removing excess Mg (NRCS, 2015). AAc and 
M3 resulted in different Ca and Mg saturation after gyp-
sum application. The difference supported earlier findings 
that different extractants extract different amounts of added 
gypsum (Matula & Pechová, 2005, 2007). As the soils had 
large amounts of reserve Mg (Figure 3), and the soluble, ex-
changeable and reserve- Mg have a dynamic equilibrium, the 
gypsum amount may not have been sufficient to change the 
amounts of exchangeable Ca and Mg in the long term against 
large reserve- Mg pools (Gransee & Führs, 2013).

Overall M3 and AAc could identify similar soil fertility 
problems. M3 tended to identify more soils as micronutrient 
deficient than AAc + EDTA, but it is unclear which analysis 
provides more correct results. M3 identified more soils with 
Ca deficiency and excess Mg, but this was more because of 
the interpretation, which was based on Ca and Mg concentra-
tions relative to the overall cation exchange capacity (CEC). 
Both M3 and AAc were sensitive to management and soil 
amendments. H3A and SPUR need further calibration before 
they can be used in fertilizer recommendation, although their 
potential to track readily soluble nutrient changes is promis-
ing for monitoring rapid changes in soil nutrient levels.

4.3 | Evaluation of soil tests for 
agronomic use

Mehlich- 3 is being increasingly applied to general soil analy-
sis. It can offer the analysis of a broad scale of nutrients with 
a single universal extractant. Based on our dataset, it can give 
results comparable to ammonium acetate extractions for the 
cations and has good correlation for many nutrients. For the 
trace nutrients, the M3 sufficiency limits identify more defi-
ciencies than AAc, but that may be a more realistic outcome. 
For boron and sulphur, the M3 sufficiency limits need to be 
scaled differently for soils with high OM as it underestimates 
the boron supply from organic matter. Overall, our findings 
support using Mehlich- 3 as a basis for fertilizer recommen-
dations. A single extraction for all nutrients lowers analysis 
costs and provides comparable results to other soil tests.

However, none of the tests replicated tissue testing results. 
Therefore, soil analysis can identify potential deficiencies, 
but growing conditions and fertilization practices determine 
crop nutrient status. Basing fertilizer recommendations solely 
on soil testing risks applying fertilizer, when plants are not 
nutrient deficient, possibly even causing overfertilization (N, 
P), loss of scarce resources (B, P) and heavy metal pollution 
(Cu, Zn, Mn). The connection between deficiencies in tissue 
testing and soil analysis was poor, also for weaker extract-
ants (H3A and Spurway), which could be expected to follow 
plant- available nutrients.

A key benefit of the ‘stronger’ extractants is that they 
allow the tracking of slowly changing phosphorus pools. For 
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fertilizer planning, the knowledge that a soil has 300 kg ha−1 
of surplus legacy- P is more valuable than the indica-
tion that Aac- P is 12  mg  L−1 and above sufficiency level. 
Quantification of legacy- P can indicate how much P can be 
mined from the soil through negative P balances and how 
long a negative P balance should be maintained to decrease 
water- soluble P concentrations (Dari et al., 2018).

Plant tissue testing can confirm nutrient deficiencies, 
but only after they occur. In addition, it cannot identify if 
the deficiency is caused by lack of nutrient in the soil or by 
reduced availability. Our recommendation would be to use 
a relatively strong extractant (such as Mehlich- 3) to assess 
potential nutrient limitations and confirm these with tissue 
testing. If tissue testing shows deficiencies, especially for P, 
K or S, subsoil samples and HCl extraction can show if the 
problem is in nutrient availability or overall lack of nutrients 
in the soil profile. This multi- step sampling strategy includes 
some effort but avoids applying fertilizer based on soil test 
results, when plants have access to the nutrients otherwise.

5 |  CONCLUSIONS

We tested five commercial soil tests for correlation and con-
sistency of nutrient deficiency diagnosis. The soil tests were 
well correlated, but different tests identify different deficien-
cies. Using Mehlich- 3 instead of ammonium acetate would 
identify more soils as Zn, Cu, Mn and B deficient. This would 
increase the amount of microfertilizer application and should 
be confirmed with tissue testing, as the deficiencies were not 
always found in tissue tests despite deficiencies in soil.

The ability of M3 to track less available phosphorus re-
serves and the analysis of phosphorus saturation provide 
valuable additional information on soil phosphorus status. 
Reserve nutrient analysis can identify fields, which have ei-
ther high or low P, K and Mg reserves. H3A rapidly reacts to 
changes in soil following manure or lime application, but the 
interpretation is challenging.

Our findings supported the use of Mehlich- 3 as a uni-
versal soil extractant, but also indicated that soil testing is a 
complementary tool and not a replacement for tissue testing. 
Using a single extractant for macro-  and micronutrients of-
fers a low- cost analysis to diagnose a wide variety of poten-
tial nutrient deficiencies.
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