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Abstract: Conventional soil tests are commonly used to assess single soil characteristics. Thus, many
different tests are needed for a full soil fertility/soil quality assessment, which is laborious and ex-
pensive. New broad-spectrum soil tests offer the potential to assess many soil characteristics
quickly, but often face challenges with calibration, validation, and acceptance in practice. Here, we
describe the results of a 20 year research program aimed at overcoming the aforementioned chal-
lenges. A three-step approach was applied: (1) selecting and establishing two contrasting rapid
broad-spectrum soil tests, (2) relating the results of these new tests to the results of conventional soil
tests for a wide variety of soils, and (3) validating the results of the new soil tests through field trials
and communicating the results. We selected Near Infrared Spectroscopy (NIRS) and multi-nutrient
0.01 M CaClz extraction (1:10 soil to solution ratio; w/v) as broad-spectrum techniques. NIRS was
extensively calibrated and validated for the physical, chemical, and biological characteristics of soil.
The CaClz extraction technique was extensively calibrated and validated for “plant available’ nutri-
ents, often in combination with the results of NIRS. The results indicate that the accuracy of NIRS
determinations is high for SOM, clay, SOC, ECEC, Ca-CEC, N-total, sand, and inorganic-C (R?>
0.95) and good for pH, Mg-CEC, and S-total (R? > 0.90). The combination of the CaCl: extraction
technique and NIRS gave results that related well (R?> 0.80) to the results of conventional soil tests
for P, K, Mg, Na, Mn, Cu, Co, and pH. In conclusion, the three-step approach has revolutionized
soil testing in The Netherlands. These two broad-spectrum soil tests have improved soil testing;
have contributed to increased insights into the physical, chemical, and biological characteristics of
soil; and have thereby led to more sustainable soil management and cropping systems.

Keywords: Near Infrared Spectroscopy; 0.01 M CaCly; soil health; intensity-buffering
capacity-quantity concept; monitoring

1. Introduction

High-yielding production systems can be built on soils with high natural or im-
proved soil fertility [1,2]. Such systems are indispensable for producing the food required
for an increasing world population, because almost all of our food and feed originates
from soil-based crop production. It has been estimated that the world’s total crop produc-
tion has to increase by 50 to 70% between 2010 and 2050, for which sustainable soil fertility
management is key [3].

Soil fertility may have different meanings in the literature [4]; here, it is defined in
terms of the ‘yielding potential of the soil’. It is a function of parent material and soil-
forming factors, including climate, relief, organisms, time, and management [5]. Notably,
the last factor has become more important during the last few decades. There are three
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main components of soil fertility: physical, chemical, and biological. The interactions be-
tween these three components are also important [6]. The physical component relates to
soil texture and structure, which determine, among other things, the porosity, water hold-
ing capacity, and rootability of soil [7]. The biological component relates to the diversity,
abundance, and interactions of organisms in soil, which influence the disease suppressive
capacity of the soil, the organic matter and nutrient transformations in soil, and the soil
structure. The chemical component relates to the elemental composition of the solid, lig-
uid, and gaseous phases of the soil and to the interactions between these phases, which,
together with the physical and biological components, determine the “fertility status’ of
the soil, including the acidity, salinity, nutrient holding capacity, and nutrient mobility.
There is growing awareness that the biological and physical components of soil fertility
are as important as the chemical component of soil for managing soil and crop production
in a sustainable manner [8]. However, in current practice only a few (mostly chemical) soil
characteristics are used in routine soil testing (often pH, N, P, and K, as well as SOM),
mainly for cost reasons [9,10].

Soil fertility testing started in the 19th century for research purposes and started for
farmers at the beginning of the 20th century [11]. At first, ‘total’ amounts of N, S, P, K, Ca,
Mg, and Fe in soil were measured, assuming that these amounts would predict nutrient
release during the growing season. This turned out to be not successful because there was
hardly any relationship between the ‘total’ amounts (or contents) of nutrients in the soil
and crop yield [11]. Thereafter, elements extractable from soil with strong acids were used,
but this method also gave unsatisfactory correlations with crop yield [12]. An important
discovery was that nutrients were present in the soil in different forms and with different
bonds, and thereby had different availabilities for uptake by plant roots. This resulted in
soil tests using weak acids as extractants. Daubeny [13] was one of the first to experiment
with this by discriminating between ‘active’ and ‘dormant’ fractions of nutrients. Dyer
[14] coined the term (plant) availability of nutrients. Since then, a wide range of different
solutions and procedures have been tested and used for soil fertility assessment because
the results of test procedures appeared to be specific for different crop rotations, soil types,
and regions. At the same time, there has been little or no international coordination and
harmonization of analytical procedures, although recently the Global Soil Laboratory Net-
work was initiated (www.fao.org/global-soil-partnership/glosolan/en/ (accessed on 28
November 2021)).

It has been suggested repeatedly that combinations of soil physical, chemical, and
biological characteristics and of various soil nutrient fractions (so-called soil nutrient
quantity and soil nutrient intensity fractions) may provide more insight into the temporal
dynamics and availability of plant nutrients in soil, and hence more insight into the re-
sponse of a crop to fertilization and soil management than a single soil test could provide
[15-18]. However, this soil nutrient ‘intensity-quantity” concept was not implemented in
practice until 2004 (as discussed below), mainly because of the presumed increased cost
of the analyses.

Soil fertility assessments are commonly based on ‘statistical correlations’—i.e., the
results of the soil tests have to be correlated statistically to the results of crop responses,
measured in multiple site-year field experiments [19-21]. This latter field testing is de-
manding and thereby also often an obstacle for the introduction of new, improved con-
cepts for soil testing.

Reijneveld et al., 2014 [22], proposed a pragmatic approach for implementing new
soil tests in agricultural practice: (1) selecting and establishing new rapid broad-spectrum
soil testing techniques that are analytically calibrated; (2) calibrating the results of these
broad-spectrum soil testing techniques to the results of (laborious) conventional soil tests
using statistical regression models and data and knowledge from ‘old’ soil tests and ferti-
lization trials (first-step agronomic calibration); and (3) validating the new soil tests and
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concepts in field trials (agronomic validation). Simultaneously, this method called for im-
plementing the new insights and soil characteristics stepwise in practice along with farm-
ers’ field schools.

This three-step approach has been implemented gradually in The Netherlands from
2004 onwards for two rapid broad-spectrum soil testing techniques: multi-nutrient 0.01 M
CaCl2 extraction and Near Infrared Spectroscopy (NIRS). Critical to the introduction of
new soil tests is their meaningfulness, accuracy, and precision. Here, we report on the
development and implementation of this three-step approach in practice using results
from a wide range of studies and tests conducted during the past 15 years. We tested the
following hypotheses: (i) the results of new broad-spectrum soil testing techniques com-
pare well with the results of reference methods (analytical calibration)—i.e., the correla-
tion coefficient of determination R?>0.90 and the residual prediction deviation RPD > 2.0;
(ii) the explained variance (R?) of the relation between the results of the broad-spectrum
soil testing techniques and those of conventional soil test methods (first-step agronomic
calibration) exceeds 80%; and (iii) routinely analyzing a comprehensive number of soil
characteristics will increase ultimately crop yield and quality and contribute to sustaina-
ble soil management.

For testing the first hypotheses, we made use of data of soil analyses from Eurofins
Agro, Wageningen, The Netherlands. Eurofins Agro is the successor of the BLGG labora-
tories founded in 1927 and currently analyzes > 100,000 soil samples a year, including
>80% of the soil samples offered to the agronomical soil testing market in The Nether-
lands. For testing the second hypothesis, we used the results from databases of, among
others, Wageningen University and Eurofins Agro. The third hypothesis has been tested
in several studies and is still part of several ongoing research programs.

2. Materials and Methods

A brief overview of the three-step approach is given below.

In step 1, promising soil testing techniques were selected (and analytically calibrated
and validated) for measuring meaningful characteristics so as to obtain a rapid and inte-
grated soil fertility assessment. Near Infrared Spectroscopy (NIRS) was chosen for meas-
uring key soil physical, chemical (soil quantity), and biological characteristics, while
multi-nutrient extractions were performed with 0.01 M CaCl: followed by discrete analy-
sis (DA). ICP-AES or ICP-MS were chosen for assessing plant available nutrients.

In step 2, the results of NIRS and multi-nutrient extractions were related to the results
of a wide range of conventional soil tests carried out using advanced statistical methods
(first-step agronomic calibration). In step 3, validation experiments in the field were per-
formed to test whether the new soil tests resulted in more accurate predictions of soil fer-
tility and improved fertilization and soil management recommendations (improved agro-
nomic calibration and validation). Simultaneously, the new soil test results and insights
were implemented stepwise in practice along with farmers’ field schools.

2.1. Step 1: Selection and Calibration of Rapid Broad-Spectrum Soil Testing Techniques
2.1.1. Multi-Nutrient Extractions with 0.01 M CaClz

Multi-nutrient extractions with 0.01 M CaClz were first proposed for assessing the
readily available nutrients in soil more than half a century ago [23]. Decades later, this
method was promoted again by, among others, refs. [24-26], as it is relatively simple and
cheap and a solution of 0.01 M CaClz has a comparable ionic strength to soil solutions of
most soils. Thus, the measured nutrients in the extract reflect the availability of the nutri-
ents at the pH and ionic strength of the soil solution. Various nutrient elements and metals
can be measured in a single extract simultaneously, which allows us to consider the rela-
tionships between available nutrients. This method has been used routinely in The Neth-
erlands from 2004 onwards based on the studies by Houba et al. (1990; 1994) and Van Erp
(2002) [24-26].
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In this publication, we summarize the results of >350,000 routine soil tests from The
Netherlands; all data originate from the period 2010-2014 (Table 1; Figure 1). All samples
were taken and analyzed by one laboratory (Eurofins Agro). Soil samples were analyzed
at farmers’ request and results were documented in reports to farmers. Fields (up to 5
hectare) were sampled by taking 40 subsamples when walking in a “W’-like pattern over
them, and these subsamples were bulked and mixed into one sample for subsequent anal-
ysis. The standard sampling depth for grassland was 0-10 cm, and that for arable land
was 0-25 cm. Prior to extraction, soil samples were dried at 40 °C; gently milled; and
sieved (2 mm) to remove gravel, stubble, and roots. After extraction at a 1:10 extraction
ratio (w/v) for two hours at 20 °C, nutrient element concentrations were determined by
discrete analysis (DA) and ICP-AES or ICP-MS under controlled conditions. Results were
verified analytically through reference samples, duplicated samples, and ring tests (see
Supplementary Information).

Table 1. Descriptive statistics of the 0.01 M CaClz extractions (1:10 soil to solution ratio; w/v). Year =
year of introduction for routine soil testing. DON = dissolved organic nitrogen. All data are from
period 20102014, except for S (routinely introduced into testing in 2017), and pH (20052009, rou-
tinely measured by NIRS in the last decade) (Step 1).

Chari:tlelristic Year Reporting  First Median Third Average St. Dev. n Unit Analyses/
0.01 M CaClz Limit Quartile Quartile Reference
DON 2007 3.0 19 26 40 319 18.6 7175 mg kg DA; NEN-ISO 15923-1 [27]
NHs-N 2004 0.5 4.4 6.7 9.9 7.7 4.7 7175 mg kg DA; NEN-ISO 15923-1 [27]
NOs-N 2004 1.2 3.4 6.3 14 11.2 12.2 7175 mg kg DA; NEN-ISO 15923-1 [27]
S 2017 2.0 3.7 55 10.1 18.4 78 16,085 mg kg! ICP-AES; NEN 6966 [28]
P 2004 0.2 1.1 2.0 3.8 3.0 3.2 326,957 mg kg DA; NEN-ISO 15923-1 [27]
K 2004 8.0 58 83 121 100 67 310,417 mg kg1 ICP-AES; NEN 6966 [28]
Mg 2004 4.5 76 127 216 170 132 310,048 mg kg ICP-AES; NEN 6966 [28]
Na 2004 5.0 9.0 15 27 25 46 239,181 mg kg1 ICP-AES; NEN 6966 [28]
Si 2012 3.0 4.1 6.3 12 13 16 45,750 mg kg ICP-MS; NEN 17294-2 [29]
Fe 2012 2.0 2.1 3.0 3.1 34 2.4 45,724 mg kg ICP-AES; NEN 6966 [28]
n 2004 0.1 0.4 13 2.2 15 15 66,541 mg kg ICP-MS; NEN 17294-2 [29]
Mn 2004 0.25 15 4.1 8.1 6.2 7.4 80,001 mg kg ICP-AES; NEN 6966 [28]
Cu 2004 20 21 30 43 37 34 73,128 ugkg! ICP-MS; NEN 17294-2 [29]
Co 2004 2.5 4.6 10 21 17 24 58,556 ugkg! ICP-MS; NEN 17294-2 [29]
B 2004 75 103 145 219 203 197 72,897 ug kgt ICP-AES; NEN 6966 [28]
Mo 2012 3.0 3.8 4.0 4.2 49 52 45,725 ugkg?! ICP-MS; NEN 17294-2 [29]
Se 2008 2.0 2.1 2.8 3.9 3.5 2.5 58,528 ugkg! ICP-MS; NEN 17294-2 [29]
pH 2004 - 50 53 6.2 56 090 354,187 - Potentiometric IS0 10390

[30]
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Figure 1. Relations between soil pH-CaCl: (x-axis) and 0.01 M-CaClz-extracted elements (y-axis, ug

kg™).

Please note that the results of the 0.01 M CaCl: test are subject to quality assurance
(54), which is subdivided into first- (checked by laboratory analysts themselves), second-
(independently checked through control samples by the analyst), and third-line control
ring-tests by ILVO (www.ilvo.vlaanderen.be), VITO (www.vito.be), and Wepal ISE
(http://www.wepal.nl (accessed on 28 November 2021)). For the first control check, a total
of 5 standard soil samples are used, and for the second control check a total of 3 standard
soil samples are used. For most nutrient elements, the measured contents in the reference
samples are stable, but this is not the case for N and S. For micro nutrients, procedures
have been implemented to prevent contamination in the laboratory and the loss of micro
nutrients through adsorption on filters and glassware. All determinations in the ring tests
were within the quality boundaries used by Wepal, ILVO, and VITO (not shown).
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2.1.2. Near Infrared Spectroscopy

Near infrared spectroscopy (NIRS) for solid materials was developed in the 1960s to
determine the element and compound concentrations of an object via the surface reflec-
tance and calibration of the obtained spectra to the results of conventional reference meth-
ods [31]. NIRS has been used for assessing the feed quality of grass and maize silage on a
routine basis by Eurofins-Agro since 1986. NIRS allows for the fast, quantitative, non-de-
structive, and cost-effective estimation of multiple physical, chemical, and biological soil
characteristics from the same spectral data [32-34] once sufficiently large databases have
been established with reference data [35] and accurate calibration and validation proce-
dures have been implemented [36,37]. Eurofins Agro started with NIRS for soil fertility
assessments in 2003, in parallel with conventional soil test methods (Tables 2 and 3), so as
to build a solid calibration and validation database. In this study, we report the results of
calibration and validation (Supplementary Information S1-54; Supplementary Figure S1;
Supplementary Table S1). Following soil sampling, drying, and sieving (using the proce-
dures described above), an amount of 125 g of soil is put into standard glass jars, equili-
brated at room temperature, and scanned in replicate runs with a Q-interline FT-NIRS
analyzer (http://www.g-interline.com (accessed on 28 November 2021)) in a climate-con-
trolled room. Spectral data are measured as absorbance. The spectra are trimmed to in-
clude only the wavelengths between 1000 and 2667 nm with a resolution of 16 cm. Spec-
tra are then related to the results of reference methods using statistical models based on a
set of 4 filters (AMX-52000, 2018). First, spectra are transformed into a new latent space
by applying the Savitzky—Golay method [38,39] and the partial least squares method [40].
The nearest neighbor method [41] is then subjected to Gaussian processes [42] to generate
the final result.

Table 2. Soil characteristics, number of samples (n), year of introduction into routine soil testing,
determination coefficient (R?), RPD, root mean squared error (RMSE), average difference between
NIRS and reference (bias), standard deviation of residuals (Sres), and references of the reference
methods for the calibration data set.

Soil Characteristic

Calibration

n year R? RPD RMSE Bias Sres Reference

N-total
S-total
K-CEC
Ca-CEC
Mg-CEC
pH-CaCl:
Soil organic carbon (SOC)
Soil organic matter (SOM)
Soil inorganic carbon (SIC)
Clay (<2 pm)
Sand (>50 pm <2000 pm)

Effective CEC (ECEC)

55,947 2004 0.99 8.6 0.53 0.002 0.53 ISO 13878 [43]; NEN 6966 [28]
37,783 2004 097 5.5 0.21 -0.000 0.21 NEN 15587-2 [44]; NEN 6966 [28]
16,144 2006  0.79 2.0 2.19 -0.040 219  ISO 23470 [45]; NEN 6966 [28]
15,742 2006  0.97 5.5 17.53 0.483 17.52 ISO 23470 [45]; NEN 6966 [28]
15,732 2006  0.88 2.7 6.32 -0.015 6.32  ISO 23470 [45]; NEN 6966 [28]
89,075 2013 0.97 53 0.18 -0.004 0.18  Potentiometric ISO 10390 [30]

21,976 2004 099 129 493 0.066 4.93 ISO 10694 [46]
24,825 2004 1.00 175 6.46 0.007 6.46 NEN 5754 [47]
15,864 2004 0.97 5.6 1.45 0.001 1.45 NEN-EN 15936 [48]
49,121 2004 0.98 7.0 1799 0.664 17.97 NEN 5753 [49]
8419 2015 0.96 4.7 58.39 1.390 58.37 NEN 5753 [49]

ISO 23470 [45], 2018; NEN 6966

16,122 2005 0.97 5.8 2044 0.125 20.44 (28]
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Table 3. Soil characteristic (element), conventional method, reference of conventional method, ex-
plained variance of the relation between the conventional methods (CM) and the broad-spectrum
soil tests (0.01 M CaCl2 and NIRS), and their references (step 2). The determination coefficient (R?)
gives the relation between the CM and the broad-spectrum soil tests. The ‘reference’ in step 2 shows
where these results have been reported.

Element

Conventional Method (CM) Reference of CM R? Reference Step 2

P

Pw; 1: 60 (v/v) water Van der Paauw, 1971 [50] 0.79-0.93

HCIL; 1: 10 (w/v) 0.1 M hydrochloric acid-—  De Vries & Hetterschij, 1945 [53];

Houba et al., 1986 [51]; De Haas et al.,
2005 [52]; Reijneveld et al., 2014 [22]
Houba et al., 1986 [51]; Baier &

K 0.02M oxalic acid Anonymous, 2012a; 2012b [54,55] 0.77-0.90 Baierova, 1998 [56]; De Haas et al. [52]
. . R Ferrari & Sluijsmans, 1995 [57]; Loch et al., 1998 [58];
Mg NaCl; 1:5 (w/v) 0.5 M sodiumchloride Anonymous, 2012a; 2012b [54,55] 0.88-097 Van Erp et al., 2001 [59]
Na HCL; 1:10 (w/o) hyii((’;hlom acid-oxalic Anonymous, 2012b [54] 0.82-0.93 De Haas et al., 2005 [52]
Mn  Mnereducible; 1: 20 (w/o) ammonium ace- Anonymous, 2012a [55] 0.95 De Haas et al., 2005 [52]
tate—1N hydroquinone
. e Henkens, 1961 [60];
Cu HNOsg; 1: 10 (w/v) 0.43 M Nitric acid Anonymous, 2012a; 2012b [14,54] 0.87 De Haas et al., 2005 [52]
. R X Henkens, 1959 [61];
Co 1: 40 (w/v) 0.4 M Acetic acid Anonymous, 2012b [54] 088 De Haas et al., 2005 [52]
B Hot water; 1: 10 (w/v) hot water Berger & Truog 1939 [62] 0.74 Novozamsky et al., 1990 [63]
pH KCl; 1: 5 (v/v) 1 M potassiumchloride  Anonymous, 2012a; 2012b [54,55] 0.98 Houba etal, 1990 [24]; Fotyma et al,

1998 [64]

Calibration models are currently based on a minimum of 1000 reference samples (but
for some tests up to 90,000 reference samples are available), depending on the year of the
introduction of the specific soil characteristics, the efforts made to create high-quality mod-
els, and the number of ‘outliers’. Over the years, calibration models have been improved,
more soil characteristics have been calibrated and validated, and many of these have grad-
ually been introduced into routine soil testing (Tables 2 and 4). Although there is some
debate regarding the reliability of the use of RPD to evaluate NIRS [65,66], it has been used
for several years by NIR scientists working on agricultural products and has been adopted
by soil scientists [67]. We choose to give the RPD values in addition to R?, the root mean
squared error (RMSE), and bias. An RPD value of >2 is used as a threshold for adequacy,
following the guidelines of Chang et al. (2001) [68].

Table 4. Soil characteristics, number of samples (n), slope (f3), determination coefficient (R?), RPD,
root mean squared error (RMSE) of the average difference between NIRS and reference (bias), stand-
ard error of bias (SE bias), F- and p-values (ANOVA) of the reference versus NIRS, and R? and RMSE
of the reference versus the reference (duplicate) for the validation data set.

Soil Characteristic Reference versus NIRS Reference vs. Reference
N B R2 RPD RMSE Bias SE F p (0.05) R2 RMSE

N-total 1502 0.94 097 54 0.26 -0.05 0.01 0.98 0.32 0.98 0.21
S-total 1497 0.93 090 3.0 0.11 -0.01 0.00 0.79 0.38 0.95 0.08
K-CEC 1934 1.05 069 14 1.68 0.09 0.04 1.17 0.28 0.99 0.28
Ca-CEC 1930 0.94 097 5.7 14.21 -0.89 0.32 0.11 0.74 0.99 5.62
Mg-CEC 1922 1.01 091 3.1 4.61 -0.05 0.11 0.01 0.92 0.99 0.96
pH 1843 0.94 095 44 0.21 -0.04 0.00 1.72 0.19 0.99 0.07
S0OC 1840 0.98 098 6.4 2.98 -0.12 0.07 0.04 0.85 0.98 3.11
SOM 2259 0.99 099 106 4.62 -0.02 0.10 0.00 0.99 0.99 4.14
SIC 1863 0.98 096 5.1 0.61 -0.11 0.01 1.22 0.27 0.99 0.33
Clay (<2 pum) 1852 0.98 099 85 13.24 0.45 0.31 0.02 0.90 0.99 8.20
Sand (>50 um) 1796 0.95 097 53 46.73 491 1.10 0.34 0.56 0.99 15.71
ECEC 1981 0.95 097 6.0 15.26 0.35 0.34 0.01 0.90 0.99 7.79

2.2. Step 2: Relate Results of the New Testing Techniques to Those of Conventional Soil Tests
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The results of NIRS and multi-nutrient extraction determinations were related to the
results of conventional soil tests using descriptive statistics—i.e., correlation (R?) and re-
gression coefficients (Table 3). A database of the results of a large number of projects was
compiled and comparisons were made between the results of NIRS and CaCl: extraction
determinations and those of conventional analyses. These projects included both national
projects and EU-funded projects covering different countries (Table 3).

2.3. Step 3: Improved Agronomical Calibration and Validation, and Communication

The results of the new broad-spectrum soil tests were introduced in practice via soil
test reports stepwise from 2004 onwards. Initially, fertilization and soil management rec-
ommendations were based on the results of conventional methods only, but over time
new fertilization recommendations tests were presented and implemented in agricultural
practice (farmers and extension services) and research.

In the meantime, additional laboratory and greenhouse research and field trials were
conducted to further develop a new mechanistic approach for fertilization recommenda-
tions in practice; this approach considered the soil nutrient intensity, buffering capacity,
and quantity concept [18,69,70]. This new approach makes use of two broad-spectrum soil
tests and has been tested in several studies (see Supplementary Information S5). At the
same time, communication campaigns, farmers’ field schools, and meetings with advisors
were organized to explain the concept and improve the implementation of the new ap-
proach and soil tests in practice.

3. Results
3.1. Step1: Calibration of the Broad-Spectrum Soil Tests
3.1.1. Multi-Nutrient Extractions with 0.01 M CaCl:

All essential and beneficial nutrients for plants (N, S, P, K, Mg, Na, 5i, Mn, Fe, Cu,
Zn, B, Mo) were assessed through multi-nutrient extractions (apart from Ca, Cl, and Ni).
In addition, two elements that are essential for animals and humans were included (Se,
Co). Summary statistics of the results of the 0.01 M CaClz extractions and ICP-AES, ICP-
MS, and discrete analyses are presented in Table 1. The median values of the nutrient
intensity decreased in the order: Mg > K > Na >N (NO3-N + NHs-N) > S > Si > Mn > Fe > P
>7Zn>B>Cu>Co>Mo > Se.

The intensity of some elements (especially Zn, Mn, and Co) was generally low in
high-pH soils and highly variable in low-pH soils (Figure 1). As a consequence, 7, 12, and
15% of Mn, Zn, and Co concentration determinations, respectively, were below the detec-
tion limit (Table 1). Conversely, Si, and Mo were often low at low pHs and showed a wide
range as the pH increased.

3.1.2. Soil Fertility Characterization through NIRS

The calibration of NIRS spectra to the results of reference methods is presented in
Tables 2 and S1. The RPD of the analytical calibration decreased in the order SOM > SOC
> N-total > clay > effective CEC > inorganic C > S-total > Ca-CEC > pH-CaClz > sand > Mg-
CEC > K-CEC. The analytical validation data set showed a roughly comparable order (Ta-
ble 4, Figures 2 and S1). Both the analytical calibration and the validation data sets contain
samples from different soil types, ranging from dune sands (very light textured, CaCOs
rich and poor, and high pH) to marine clay soils (organic matter and CaCOs rich) and
reclaimed peat soil (light textured and high in organic matter).

In the validation data set (Table 4), the RMSE values of duplicate analyses of the ref-
erence method are lower than the RMSE of the reference versus NIRS, except for SOC
(3.11-2.98). However, no soil characteristic measured by the reference methods signifi-
cantly (p <0.05) differed from the results of the NIRS analyses (see ANOVA, Table 4).
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Figure 2. Scatter plots showing reference methods (x-axes) versus NIRS (y-axes) for soil organic
matter, soil organic carbon, effective CEC, and clay % of the validation data set. Reference methods
are given in Table 2, while the number of samples and statistics are given in Table 4 (and Supple-
mentary Figure S1).

3.2. Step 2: Relating the New Test Data to Those of Conventional Soil Tests

The results of the two broad-spectrum soil testing techniques were related to those
of the reference methods in various projects during the last 15 years (first-step agronomic
calibration; Table 3). Often, simple linear regression could be used—i.e., only one of the
broad-spectrum soil tests was related to the results of reference methods. For example,
Na-HCl (reference method) could be explained by Na-CaClz (broad-spectrum soil test),
using simple linear regression. However, the relationships often improved when the NIRS
spectra were added. For example, the linear relation between Mg-NaCl and Mg-CaClz had
a correlation coefficient R2 of 0.88 and an R? of 0.97 in a multiple linear regression model—
i.e,, Mg-NaCl related to Mg-CaCl2 and Mg-CEC [59]. Similarly, Mn-CaCl: and pH-CaCl
were related to Mn-.reducible (R? 0.95), while Cu-CaCl2 was combined with SOM and clay
content related to Cu-HNOs (R2 of 0.87) [52]. Thus, a combination of results of the 0.01 M
CaClz extractions and NIRS proved successful in relating the new test results to the refer-
ence methods.

3.3. Step 3: Improved Agronomical Calibration and Validation, and Communication
3.3.1. Agronomic Calibration and Validation of the Soil Tests

For grassland, changing from the common single soil test P-Al [71] to a combination
of P-CaClz (soil P-intensity) and the ratio P-Al over P-CaCl: (as a proxy for P-buffering
capacity) resulted in an increase in the explained variance in the P content of grass. At the
same time, the recommended P application decreased on average by 15 kg P2Os ha~! while
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the same average herbage yield was realized; thus, a more accurate P fertilization recom-
mendation for grassland was achieved [18,54,72,73]. For silage maize, similar improve-
ments in the precision of P fertilization recommendation were achieved; field trials
showed that the soil nutrient intensity, buffering capacity, and quantity concept led to
improved P fertilization recommendations [74].

The new P fertilization recommendations for grassland, maize land, and arable and
vegetable crops were approved by the different fertilization committees in 2011, 2012 [54],
and 2020, respectively (www.handboekbodemenbemesting.nl (accessed on 28 November
2021)).

Additionally, for other nutrients a greater precision of fertilization recommendations
was achieved through the broad-spectrum soil tests. For example, refined K-fertilization
recommendations based on the new soil tests were introduced in 2014 [75], and liming
recommendations based upon pH-KCl were changed to pH-CaCl> (www.handboekbode-
menbemesting.nl (accessed on 28 November 2021)). The agronomic calibration and vali-
dation of the soil tests for micro nutrients are still in process.

3.3.2. Implementation to the Market

The number of soil characteristics offered to the market gradually increased over time
through the introduction of the broad-spectrum soil tests. The release of new soil manage-
ment and fertilization recommendations was accompanied by promotion campaigns (Fig-
ure 3) and field schools where the new recommendations were explained and discussed
with farmers and their advisors. From 2004 onwards, about 1500 agronomic advisors were
invited annually for meetings in which the ‘new’ test results were explained and the
added value for farmers in soil and crop management was discussed. On average, 450
500 advisors attended these annual meetings. Farmers were informed by their advisors as
well as in numerous study groups and through mail. Their perceptions of soil tests and
recommendations were also surveyed [76]. Furthermore, meetings with agronomist of ex-
tension services, representatives of the government, and researchers were organized,
mostly on a bi-annual basis.

Plant a
nut

Total soil
stock

Soil stock

Metaphor Plate

Fertillization

Science

(a)
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Figure 3. Communication campaigns for farmers and extension services were created to explain the
soil nutrient intensity, buffering, and quantity concepts (a) (see also Rotterdam et al., 2013) [72] and
the soil fertility concept (physical, biological, and chemical soil fertility) (b). The arrows in (a) rep-
resent the buffering processes through dissolution/desorption (to the right) and adsorption/precip-
itation (to the left). A metaphor is used to explain the soil nutrient intensity, buffering, and quantity
concepts (food on the ‘plate’, ‘kitchen’, and “basement’).

4. Discussion

Soil tests are a helpful guide to farmers and advisors for improving soil fertility and
hence crop yield and quality. Soil tests may also indicate when soil fertility becomes ex-
cessive and the risk of nutrient losses (e.g., N and P leaching losses) to groundwater and
surface waters increases disproportionally [77]. They are also tools that can be used by
land managers and policy makers to monitor soil carbon sequestration and soil health and
assess soil threats, including soil acidification, soil compaction, soil degradation, soil sali-
nization, and soil biodiversity decline [78]. At least 5 out of the 17 United Nations Sustain-
able Development Goals (SDGs) have a direct relation with soil fertility and soil health,
while some others have a more indirect relation [79]. This reiterates the importance of soil
for food security as well as for sustainable food production systems [80].

Soil fertility encompasses many possible soil characteristics, which often require dif-
ferent soil tests and thereby make full soil fertility assessments laborious and expensive.
As a result, routine soil tests commonly include only a few key soil characteristics [9,10],
which limits the guidance for soil management and closing yield gaps. Until 2003, most
farmers and their advisors in The Netherlands received information about the soil char-
acteristics of P, K, SOM, and pH, including recommendations on P and K fertilization and
liming. In 2020, soil tests at farmers’ requests consisted of testing on average >20 physical,
chemical, and biological characteristics, and associated soil management and fertilization
recommendations. Farmers can still opt for small elementary packages (N, P, K, pH), but
60% of grassland-based dairy farmers and 85% of arable farmers and vegetable growers
choose to have a more complete overview of the soil fertility characteristics of their field.
Most farmers (>90%) choose additional fertilization recommendations. A significant num-
ber of farmers (about 20%) also ask for a micro-nutrient analysis package, which includes
nine micro and beneficial nutrients. The results of the soil analyses are presented in tabu-
lated form and through info graphics (for example, soil texture triangle).

The broad-spectrum soil test together with the new concept of the interpretation of
the results has improved the guidance given to farmers through more precise and inte-
grated recommendations for soil fertility management and fertilization. There are multi-
ple benefits of this: (i) Farmers receive more data and information about their soil fertility
characteristics and improved fertilization and soil management recommendations for a
relatively low price. (ii) Laboratories have lowered the costs of their laboratory analyses;
have added value to the results of their soil analyses through the soil nutrient intensity,
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buffering capacity, and quantity concepts; and given improved insights into chemical,
physical, and biological soil characteristics. They can thereby gain improved customer
satisfaction ([54] and www.handboekbodemenbemesting.nl (accessed on 28 November
2021)). (iii) The environmental footprint of soil analyses can be greatly reduced.

4.1. The Development of the Soil Nutrient Intensity, Buffering Capacity and Quantity Concept

Most fertilization recommendations in the world are based on a single soil test, and
many countries and regions have developed their own single soil tests. As a result, there
are a myriad of different soil test procedures for the main nutrients (www.fao.org/global-
soil-partnership/glosolan/en/ (accessed on 28 November 2021)).

Multi-nutrient 0.01 M CaCl: extractions for soil fertility testing were proposed a long
time ago [23,38]. In 1990, the European Commission started the research project Coperni-
cus to develop fertilization recommendations based on 0.01 M CaCl: extractions across
the European Union (EU). The hypothesis was that the results of CaClz extractions were
related to the results of conventional methods, and that the results of conventional soil-
based fertilization recommendations could be “transformed” into CaClz-based fertiliza-
tion recommendations. Although reasonable linear correlation coefficients were found be-
tween the results of an array of conventional methods commonly used in EU countries
and the results of CaCl: extractions, it was evident that a significant part of the scatter in
the relationships was caused by other soil characteristics [26,64]. The meaning of the re-
sults of CaClz extractions turned out to be soil type-specific, making the use of uniform
CaCl: extractions less attractive. As a result, CaClz extractions were not introduced as a
common uniform EU soil test, also because the measurement of the other soil characteris-
tics (needed to increase the deterministic value of the results of CaClz extractions) turned
out to be too labor-intensive and expensive. The latter changed with the introduction and
improved calibration of NIRS for soil analyses and has been critically important for the
development of the soil nutrient intensity, buffering, and quantity concepts.

The fact that two or more soil tests may provide more insight into the temporal dy-
namics of the availability of soil nutrients to plants and the crop response to fertilization
has been suggested before by many researchers [15,50,81,82]. Additionally, the relation-
ships between soil nutrient intensity, buffering capacity, and quantity have been the sub-
ject of several studies [16-18,83]. The introduction of the soil nutrient intensity, buffering,
and quantity concepts in practice became a reality with the introduction of two different
broad-spectrum soil testing techniques; soil nutrient intensity is measured by 0.01 M
CaCl, soil quantity is assessed by NIRS, and the ratio of quantity over intensity is used to
assess buffering capacity. For example, the ratio of P-quantity over P-intensity is used for
P-buffering [70]. The ratio of nutrient quantity over nutrient intensity is also used for po-
tassium [84-86]. An advantage of the use of multiple soil testing techniques for one nutri-
ent is the possibility of distinguishing between soil-based fertilization strategies (i.e., soil
fertility, investments for the longer term) and crop-based fertilization strategies (plant nu-
trition, investments for a single crop season).

Evidently, multi-nutrient CaClz extractions (followed by ICP-AES, ICP-MS, and/or
DA analyses) and NIRS analyses are two complementary rapid broad-spectrum soil test-
ing techniques, the results of which can be linked mechanistically through the soil nutrient
intensity, buffering, and quantity concepts. These concepts were introduced in The Neth-
erlands around 2010 [72,73].

4.2. Analytical Performance of the Broad-Spectrum Soil Tests

The ‘intensity’ of almost all essential main and micro nutrient elements in soil for
crop production (apart from Ca, Cl, and Ni) can be assessed through multi-nutrient 0.01
M CaClz extractions and subsequent nutrient element determinations via ICP-AES, ICP-
MS, and/or DA. NIRS can be used to measure soil physical and chemical (soil quantity)
characteristics with R? values > 0.90 and RPD values ranging from 2.0 up to > 10 (Tables 2
and 4, Figure 2). The results of the new broad-spectrum soil testing techniques can be
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related to the results of conventional soil tests through regression analyses, with reasona-
bly good overall performance (R? > 0.80). Thus, knowledge based on ‘old” conventional
soil tests and fertilization trials can be utilized in these two ‘new’ broad-spectrum soil tests
(Table 3). Using NIRS for soil analyses was a relatively new concept in 2004, when it was
implemented stepwise in The Netherlands. First, SOM, SOC, N-total [87], and soil texture
were introduced, followed by CEC and other soil characteristics, with a satisfactory to
good calibration performance (R? > 0.90; RPD > 3.0). A high performance of NIRS deter-
minations was also found by many others, including Zornoza et al. (2008) [88], who con-
cluded that NIRS could be used for soil carbon, N-total, CEC (R?> 0.90 and RPD > 3), Ca-
CEC, and Mg-CEC (R2> 0.80, RPD > 2.5). Genot et al. (2011) [89] also found high correla-
tion coefficients for estimating soil carbon, N-total, clay, and CEC, as did Chang et al.
(2001) [68] for soil texture (R? > 0.80: RPD > 2.3). Successful estimations of soil pH were
reported by Moron and Cozzolino (2002) [90] and Terhoeven-Urselmans et al. (2008) (R
0.85) [91]. Jaconi et al. (2019) [34] were able to estimate soil particle size distributions.

Thus far, only a few studies have focused on soil potassium (Jin et al., 2020) [67]. He
etal. (2007) [92] utilized NIRS to assess K and showed that the coefficient of determination
(R?) between conventional methods and NIRS was 0.68. A similar result (R? 0.72) was
found by Liu and Liu (2012) [93]. We found a R? of 0.79 and a RPD of 2.0 (Table 2) for K-
CEC, comparable to the results of Jia et al. (2015) (R?0.76 and RPD 2.1) [94]. Although the
intensity, buffering capacity, and quantity concepts will likely also improve the micro nu-
trient recommendations, no successful calibrations for micro nutrient quantity indicators
could be obtained by NIRS (data not shown), only manganese-CEC (Mn-CEC) looks
promising (R? 0.69; Supplementary Table S1)

The use of NIRS for estimating the soil P status is complicated, as wavebands relevant
to SOM and Fe content are often identified as important components for NIRS estimations
of soil P. Thus, soil tests such as P-Mehlich, P-Bray-II, and P-CAL cannot be conducted
using (VIS)NIR [91,95-97]. However, more positive results have been obtained by others.
Zhang and Zhang (2015) [98] utilized NIRS to estimate different P fractions in soil (i.e., Fe-
P, Mg-P, Ca-P, and Al-P) and found correlation coefficients (R?) ranging between 0.85
and0.90. Rakotonindrina et al. (2020) [99] was able to estimate P-ox with R? values ranging
between 0.70 and 0.90. Niederberger et al. (2015) [100] divided soil P into labile, moderate
labile, and stabile P and found R? values ranging from 0.08 to 0.85. Terhoeven-Urselmans
et al. (2008) [91] and Ludwig et al. (2002) [96] estimated successfully P-Olsen, while
Brolsma et al. (2018) [101] were able to estimated P-total, P-Al, and oxalate-P with RPD
values of 4.3, 2.6, and 2.1 and R? values of 0.94, 0.83, and 0.74, respectively. Evidently,
significant progress has been made in the calibration of NIRS spectra to soil P tests during
the last couple of years. Estimations of several soil P fractions may further improve the
agronomic value of the P fertilization recommendations based on conventional soil P tests.
Additionally, these estimations may give insight in the environmental risk of P leaching
from the topsoil to the subsoil and surface water bodies. Thus, these additional soil P tests
may be used in environmental evaluations by water (quality) authorities.

4.3. Stepwise Implementation in Practice

The need for better soil tests and the need for the better underpinning of fertilization
recommendations based on soil tests have been discussed frequently in The Netherlands
[102-104]. Yet, no significant changes in soil testing and fertilization recommendations
were implemented in agricultural practice between 1970 and 2004 [55]. From the 1970s
onwards, the government steadily withdrew from supporting soil fertility and fertiliza-
tion research; soil testing was privatized and experiments in the field were largely re-
placed by simulation modelling [105,106].

The privatization of soil fertility and fertilization research led to the replacement of
laborious and expensive traditional laboratory methods by rapid broad-spectrum soil
testing and new concepts were developed. Introducing additional soil characteristics and
recommendations into agricultural practice requires validation experiments, which are
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costly and time-consuming. Moreover, convincing extension services and farmers of the
benefits of new concepts is challenging as well, since existing recommendations are often
considered to be ‘valid” by advisors and farmers even though the underlying statistical
significance of the relationships between soil tests and crop yield responses are often not
particularly strong. As a first step, the results of the two broad-spectrum soil testing tech-
niques were converted to the results of conventional soil test methods (Table 3). This ap-
proach (relating new soil test data to conventional data) can be used in other countries as
well. Sims (1989) [107] stated that the use of such empirical equations represents a suitable
interim measure. Next, agronomical validation experiments were set up; these showed
that new fertilization recommendations often have greater precision and thus lead to im-
proved fertilization recommendations, especially for P fertilization recommendations.
Third, farmers will be able to make more informed decisions in soil and nutrient manage-
ment, which will result in the better control of food production and food health benefits.

4.4. Outlook

Multi-nutrient CaClz extractions (followed by ICP-AES, ICP-MS, or DA) combined
with NIRS have laid a practical foundation for the soil nutrient intensity, buffering, and
quantity concepts for use in practice; together, these form a powerful approach for im-
proved soil testing as a basis for high-precision soil management and fertilization recom-
mendations. Through advanced calibration and validation procedures, accurate assess-
ments of several soil characteristics can be performed. However, further calibration, vali-
dation, and field trials are needed, especially for soil micro-nutrients, biological indices,
and soil organic carbon fractions.

Several methods have been proposed for the characterization of the soil microbial
community. Phospholipid fatty acid analysis (PLFA) is considered to be a robust method
with the ability to determine microbial biomass and different groups of microbial taxa
[108]. With PLFA as a reference method, NIRS calibrations are being developed for these
biological characteristics. The calibration of biological characteristics (e.g., microbial bio-
mass, total bacteria, Gram-positive bacteria, actinomycetes, and mycorrhizal fungi) has
been performed rather successfully already (R2> 0.80 and RPD > 2.5) [88] even for (plant
parasitic) nematodes [109]. This opens the door for the more routine soil testing of these
characteristics [110].

NIRS analyses might also help us to obtain more information on soil organic matter
fractions [111]. Fractions are important in the early detection of changes in organic matter
content and quality and for monitoring the effects of C-sequestration management prac-
tices [112]. Currently, SOM, SOC, SIC, and total carbon can be assessed by NIRS rather
accurately. Pyrolysis GC-MS and the anaerobic mineralization of organic matter may be
able to identify the signatures and significance of, for example, protein, carbohydrates,
and humic fractions [113]. The first results of the NIRS calibration of several pyrolysis
fractions look very promising (data not shown).

There has been common effort worldwide to increase nutrient use efficiency, crop
yields, crop quality, and soil carbon sequestration while at the same time protecting the
environment. Zhang et al. (2013) [114] emphasized the important role of soil tests and
knowledge transfer in improving agricultural practices in China. Sutton et al. (2013) [115]
argued the same for India and Sub-Saharan Africa. With the two broad-spectra soil tests
(CaClz extractions and NIRS), small soil laboratories can be installed in many countries
without great costs, though significant support may be needed for setting up the testing,
calibration, and validation procedures. These broad-spectrum soil tests can offer a wide
range of soil characteristics to local farmers for improving soil and nutrient management
and closing yield gaps.

NIRS analyses may also contribute to optimizing quality control and assurance in the
total agro-food system [116]. The composition of animal manure [117,118], compost [119],
fertilizers [120], crops [121], and forages [122], as well as product quality, including milk
[123] and potato starch [124], can be estimated with the same NIRS-based laboratory unit.
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These data will enable farmers, extension services, researchers, and policy makers to mon-
itor and further improve the agro-food environmental system.

5. Conclusions

Following a period of stagnation in soil fertility research as a result of the withdrawal
of governmental support and the initial hesitation of the private sector to take over the
routine soil testing of farmers’ fields in The Netherlands, two broad-spectrum soil testing
techniques together with the soil nutrient ‘intensity, buffering, and capacity’ concept have
been introduced in practice stepwise from 2004 onwards. The use of the multi-nutrient
0.01 M CaCl: extractant has become routine laboratory practice for the determination of
readily available nutrient elements (nutrient intensity), while NIRS has been applied suc-
cessfully to determine other soil fertility characteristics, including the nutrient quantity
characteristics. Combining the results of the multi-nutrient 0.01 M CaClz extractant proce-
dure (intensity characteristics) and the NIRS determinations (quantity characteristics)
gave high correlation coefficients compared with the ‘old’ conventional soil testing meth-
ods and, in the end, demonstrated the greater precision of the new soil management and
fertilization recommendations.

Various validation field trials have been conducted, indicating the validity of the new
concept and recommendations. However, conducting more field trials remains necessary
because new crop cultivars and varieties are becoming commonplace, and there are im-
portant interactions between crop type x soil type x weather conditions in crop responses
to changes in the soil nutrient status and fertilization practices.

Intensive communication through fields schools, training sessions, brochures, and
the Internet has facilitated the introduction of the new concept and broad-spectrum soil
tests in practice. Altogether, this has created a win—-win situation: (i) farmers receive more
data and information about their soil fertility characteristics and improved fertilization
and soil management recommendations for a relatively low price; (ii) laboratories have
lowered the costs of their laboratory analyses, added value to the results of their soil anal-
yses, and thereby improved customer satisfaction; and (iii) the environmental footprint of
soil analyses has been greatly reduced.

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/article/10.3390/agronomy12010191/s1, S1: NIRS Reference methods; S2: NIRS
Calibration procedures; S3: NIRS Validation procedures; S4: Quality control of soil testing; S5:
Scientific underpinning of the CaCl2 method; Figure S1: Scatter plots of the results of NIRS
determinations versus the results derived from conventional analyses procedures (right-hand
figures) and scatter plots of the residual variance of these relationships (left-hand figures), for N-
total, S-total, Ca-CEC, SOM, SOC, C-inorganic, Clay, CEC, pH, Sand, K-CEC, Mg-CEC: validation
data set; Table S1: Statistics of the calibration of NIRS to the results of the conventional methods. A
distinction has been made between soil characteristics that have been implemented into laboratory
practice for routine soil testing, and soil characteristics that are still in the phase of further testing
(and thus have not yet been implemented into laboratory practice for routine soil testing):
calibration data set.
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