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ARTICLE INFO ABSTRACT

Keywords: Long-term agricultural experiments (LTE) are essential to detect cumulative treatment effects on soil properties
Internal réf_erence material and to design sustainable production systems. However, to ensure high quality of long-term soil data and their
Data precision correct interpretation, several analytical issues regarding the accuracy and analytical laboratory bias need to be
;L;::?)ility considered. This paper aims to (1) evaluate laboratory precision and trueness of analytical soil data for the
Reproducibility evaluation of long-term trends in LTE and to (2) assess the limitations and challenges for non-certified soil

Soil organic carbon

laboratories that might compromise the quality of analytical soil data. A data set of internal reference soil

Uruguay materials (IRM) collected over 16 years and interlaboratory data from eleven years were analyzed to verify
method precision, trueness, and the subsequent long-term dataset reliability for several soil quality parameters:
organic carbon (SOC, determined either by wet or dry combustion), pH (water), extractable phosphorous (either
Bray I or citric acid; Bray-P or citric acid-P), and exchangeable potassium (Kexcp). Results showed that IRM used
by the laboratory were homogenous in terms of physical and chemical composition and appropriate to confirm
the precision of long-term soil survey data. The relative standard deviation for repeatability and reproducibility
(RSDg) ranged from 1.5% for SOC by wet combustion to 9.5% for citric acid-P. HorRat values (the ratio of the
estimated standard deviations of reproducibility and the repeatability found for individual analytical procedures)
for all chemical soil properties were within the acceptable ranges of <2.0. Interlaboratory trials for soil pH and
SOC showed tolerable standard Z-Scores under 2.0 (Z-Score, calculated from the difference between laboratory
results and the assigned value divided by the standard deviation), verifying the trueness of data. The results of
this study reinforce the validity of analytical soil data originating from the non-certified laboratory in Uruguay
obtaining both precise and true soil quality data over a long period of time for most soil analytes. Nevertheless,
the analytical flaws in LTE soil monitoring were revealed and can only be minimized in ongoing and future
studies through the inclusion of certified reference material. These recommendations should guide future
research activities in LTE studies on analytical data quality management as a requirement for long-term soil
monitoring. Finally, the paper proposes a proficiency testing procedure for soil laboratories to achieve and

maintain high analytical quality for LTE soil research.

1. Introduction and contribute to assess their sustainability (Berti et al., 2016). Routine
measurements of soil properties are useful to develop and calibrate

Long-term agricultural experiments (LTE) are needed to evaluate the models describing soil dynamics in the long run (Johnston and Poulton,
impacts of production systems and management practices on soil quality 2018). The definition of “long-term” is still under debate in soil science,
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but for tillage experiments, for example, a minimum of 15 years is
recognized to provide consistent treatment effects (Kay and Vanden-
Bygaart, 2002). There are several challenges to manage LTE and their
accumulation of large data sets correctly. Ensuring long-term funding,
high operational costs, avoiding adverse effects of soil oversampling, or
data access and management are some of the issues that must be faced
(Berti et al., 2016). The main challenge in LTE research is that treat-
ments remain relatively constant, but many other environmental and
cropping technology factors change around them, jeopardizing the
ceteris paribus assumption (Dyke, 1974). The same is true for operational
aspects like laboratory analysis of soil samples which is a critical point
that needs to be considered for their interpretation (Schut and Giller,
2020). Other sources of error, including sampling error or spatial soil
heterogeneities at the plot scale (Poeplau et al., 2016), are not the focus
of this paper.

When evaluating long-term soil datasets, researchers are confronted
with several questions on interpreting and managing data uncertainties
generated by analytics over time. For example, changes in laboratory
methods for a specific soil property (Blake et al., 2000; Johnston and
Poulton, 2018), higher precision for the laboratory analysis through
improved purity of reagents or new technology, or different operators
for particular equipment may affect the data obtained over a long period
(Boone et al., 1999; Rayment et al., 2000). Thus, there is a crucial need
to safely assert that possible effects observed in various decades of
experimentation are attributed to the impact of treatments and not to
laboratory bias.

Many studies assessed soil quality changes with a wide range of
objectives and treatments. However, there is a lack of information about
the reliability of soil data quality coming from these experiments that
often run for more than 20 years. A large group of experiments includes
point measurements of specific soil quality parameters for particular
years (for example, SOC changes measured ten and 20 years after
baseline; Verhulst et al., 2011; Congreves et al., 2015; Martinez et al.,
2016; De Oliveira et al., 2018). A smaller group of studies conducts a
regular soil sample collection over many years (Chan et al., 2011; Pravia
et al., 2019). However, information on changes in the applied soil lab-
oratory methods, laboratory fluctuation during the study period, or
disclosure about the laboratories quality control by presenting precision
and trueness values of the respective method are limited and subse-
quently impede comparisons, linkages and meta-analysis of LTE soil
studies around the globe. Differences between technical laboratory
procedures must be considered when comparing, analyzing and evalu-
ating SOC concentrations determined for recent soil sample sets with
those of old databases (Grahmann et al., 2020; Skjemstad et al., 2000).

Analytical method validation is conducted to achieve quality assur-
ance and quality control of chemical analysis with the ultimate goal of
eliminating analytical bias (Gonzalez et al., 2010). Bias is a systematic
error defined as the difference between the measurement result and its
unknown ‘true value’ (Hibbert, 2007). Data accuracy covers the con-
cepts of data precision and data trueness (Menditto et al., 2007).
Different tests can be conducted to quantify the random error by eval-
uating data precision which is stratified into repeatability and repro-
ducibility. Repeatability represents within-laboratory changes over a
short period of time, (within-laboratory) reproducibility covers the
variation of one influencing factor (e.g. operator; Menditto et al., 2007).
Trueness can be quantified as bias, the systematic error. Interlaboratory
trials help to quantify data trueness, a performance parameter that is
necessary to ensure that the generated data is comparable among time
and from one laboratory to another (Quevauviller, 1995).

To distinguish between possible treatment effects and laboratory
bias, a random and systematic method validation should be conducted in
LTE soil surveys over the short and long-run. Necessary information for
the validation can be provided from data of stable and non-certified
reference materials analyzed during long-term trend studies together
with field samples. A reference material is defined as “a material of
whose property values are sufficiently homogeneous and well
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established to be used for the calibration of a device, the assessment of a
measurement method, or for assessing values to materials” and are
available as certified or internal reference material (Quevauviller,
1995). Reference materials are used for calibration and quality control
and can detect the variation of a laboratory method between years or
operators (Jochum and Brueckner, 2008). Commercial soil laboratories
conduct regular method validation tests by interlaboratory trials or the
use of certified reference materials (Van Zoonen et al., 1999). For quality
control purposes and reliable analytical data, soil reference materials
need to be stable, homogenous, and well-characterized. Therefore, it is
usually necessary to test them over a more extended time period (min-
imum of 12 months) to verify the sample’s integrity (Jochum and
Brueckner, 2008; Kennedy et al., 1994). However, due to financial
constraints and limited availability, research institutes in developing
countries often use internal reference soil materials (IRM; Kennedy
et al., 1994; TAEA, 2003). This was reported to cause inequality in soil
science and local research capacities, in this case particularly facing the
publication impediment, that laboratory facilities do not fulfill inter-
national standards using certified reference materials (Berhe and
Ghezzehei, 2020; Minasny et al., 2020).

The objective of this study was to evaluate the accuracy of soil data
analysis from annual surveys conducted in the oldest agricultural LTE in
Latin America using IRM in a non-certified soil laboratory to exclude
laboratory bias. The source of error for different soil laboratory methods
(SOC, Bray-P, citric acid-P, Kexch, and pH) was analyzed for up to six
continuous years. Selected laboratory quality and risk analyses of po-
tential error sources that may occur in long-term soil surveys were
performed using the information of the laboratory’s IRM and inter-
laboratory trials. We suggest approaches for IRM handling and labora-
tory analytics in LTE studies, including the necessary statistical tests for
data quality assurance. We hypothesized that (1) the soil laboratory
provides accurate and adequate analytical data that did not obliterate or
interfere with differences caused by the LTE treatments such that (2)
long-term analytical data of the analyzed IRM can be used to control the
quality of the LTE soil data.

2. Materials and methods
2.1. Experimental site

The study was carried out at INIA’s (National Research Institute of
Agriculture) institutional soil laboratory located in the experimental
station “La Estanzuela” in Uruguay (34°20'S, 57°41'W, 80 m a.s.l.). The
site has a warm temperate climate with an average annual rainfall of
1100 mm and evapotranspiration of 1200 mm; monthly mean temper-
atures ranged from 10 °C in July to 23 °C in January. The typical soils
are Mollisols (smectitic Vertic Argiudoll according to the USDA Soil
Taxonomy; Soil Survey Staff, 2014). Internal reference soil materials
were used by INIA’s soil laboratory during the study period and origi-
nated from the oldest cropping-system experiment in Latin America.
This LTE was established in 1963 and consists of seven different rota-
tions contrasting continuous cropping (CC) with crop-pastures rotations
(CPR) of different proportions, lengths and species composition (sup-
plementary Table A.1). Each experimental unit (plot) was 25 m wide and
200 m long. Detailed results on treatment differences, their impacts on
several soil properties, and the importance of soil sampling frequency
were presented in Grahmann et al. (2020). We emphasize that the pre-
sent study will not discuss the changes in soil properties generated over
time, but presents information on the quality of the analyzed data set.

2.2. Internal reference soil materials (IRM)

Four IRM bulk samples were taken between 2000 and 2016, from the
northern end in two plots of the described LTE (supplementary
Table A.2). In each IRM sampling, a large composite topsoil sample
(50-100 kg) was taken in 0-15 cm sampling depth. Bulk samples were
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divided into smaller subsamples and then dried at 40 °C for 48 h, fol-
lowed by milling and sieving to 2 mm and stored in 500 mL lockable
plastic containers. Dry soil was used as IRM for various, routine soil
laboratory analysis year-round at INIA’s soil laboratory.

A dataset was compiled with measured analytical results of the
laboratory methods SOC, Bray-P, citric acid-P, pH, and Kexch, for IRM
obtained from daily routine analyses of the INIA soil laboratory since
2001. Supplementary Table A.2 depicts the utilization period and the
available number of analytical repetitions for each tested IRM and its
respective laboratory method. The data were used to assess the accuracy
of the INIA laboratory having additional information about the year of
analysis and the performing operator. Hence, an “unintentional” but
worthwhile quality control of the LTE’s annual soil survey was possible
as IRM originated from the LTE. Note that the INIA laboratory (i) was
established in 1963 associated and motivated by the implementation of
the LTE, (ii) conducts yearly controlled interlaboratory soil and plant
tests since 2002, and (iii) is only operating under ISO/IEC 17025
accreditation for SOC in soil and plant material (ISO 10694) since May
2018. For the regular interlaboratory trials, three reference soil samples
were provided five times per year by the Brazilian Agronomy Institute of
Campinas to more than 100 participating laboratories to evaluate data
trueness (da Silva Dias et al., 2015). In this study, interlaboratory data of
INIAs soil laboratory were available for the methods SOC, Kexch, and pH
yearly between 2006 and 2019.

2.3. Soil analytical methods

SOC was determined using KoCr207 and heat as described by Tinsley
(1967) between 1964 and 2011. Since 2011, SOC was measured by dry
combustion at 900 °C followed by infrared detection with a LECO
equipment (LECO TrueSpec CN-2000, St. Joseph, USA). Soil pH was
determined potentiometrically with distilled water (1:2.5 soil/solution
ratio; Beretta-Blanco et al., 2014). Phosphorus was measured colori-
metrically after using two different extraction methods; first by the Bray-
I method with a 1:7 soil/solution ratio which was applied until 2015 and
increased to a 1:10 soil/solution ratio since 2016 and an extraction time
of 5 min (Bray and Kurzt, 1945), and second with 0.5% citric acid (1:10
soil/solution ratio and 30 min extraction time; Hernandez et al., 2013,
Palermo et al., 1985). Exchangeable potassium (Kexen) Was determined
by 1 M ammonium acetate (NH40Ac) extraction at pH 7 and subsequent
atomic emission readings (Jackson, 1964) using an ICP-OES (Inductively
coupled plasma mass spectrometry) when all bases (Mg, K, Ca, Na) were
determined or by flame emission spectrophotometry using a Perki-
nElmer AAnalyst 700 system when solely Kexch, was determined (Ntnez
and Morén, 2017).

2.4. Method comparison for SOC

After the installation of the LECO equipment in 2007, INIA con-
ducted an internal validation and comparison campaign in 2007 and
2008 by analyzing 1927 soil samples using both methods: Tinsley and
LECO. This method comparison resulted in a correction factor of 0.81
using the regression coefficient without intercept for recalculating LECO
into Tinsley SOC values. In 2011, the Tinsley method was officially
replaced, and the correction factor of 0.81 to convert from LECO to
Tinsley values was not reported anymore (Beretta-Blanco et al., 2019).
To verify this internal validation procedure, a methodological compar-
ison between Tinsley and LECO method was conducted in the present
study. A total of 45 archived LTE soil samples with three different SOC
concentration ranges were reanalyzed in 2019 (supplementary
Table A.5) by dry combustion (LECO) and compared with the original
SOC values obtained with wet combustion (Tinsley). IRM2 was intro-
duced in 2018 for the evaluation of dry combustion method, which
explains the lower number of repetitive analysis for this reference ma-
terial (supplementary Table A.2). Between 2011 and 2017, no IRM was
used for SOC determination with LECO. The LECO equipment was
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always operated by the same operator.

2.5. Annual soil survey procedure in the LTE

Annual LTE soil survey data were used to crosscheck laboratory
precision and trueness of analytical soil data obtained from IRM for the
evaluation of long-term trends in LTE. Soil core samples for LTE soil
surveys were collected annually in autumn since 1964 to a depth of 15
cm at 25-30 random pits and composited in each experimental unit. Soil
samples were dried for 48 h at 40 °C, milled to 2 mm, and analyzed for
different soil properties at INIA’s soil laboratory. For the present study,
soil survey data of the LTE from the particular years of the IRM sampling
were used to proof soil data precision of the LTE soil data.

2.6. Statistical analysis

Statistical analyses were conducted with Excel and the R software
package (version 3.6.0 of 2019, www.cran.r-project.org). Standard
procedures of laboratory testing for method accuracy of IRM data were
applied, using first the Grubbs Test (e = 0.05) for outlier detection, and
the Shapiro-Test and histograms for normality tests. Parameters with
non-normally distributed residuals were tested with Kruskal-Wallis for
significant differences (P < 0.05) between years and between operators.
Parameters with normal distribution were tested with a one-way
ANOVA (da Silva Dias et al., 2015; Gonzalez et al., 2010). Differences
between laboratory methods of SOC and phosphorus were analyzed with
a paired T-Test of equal variance.

For each soil laboratory method, the IRM with the highest number of
replicates (analyses) was selected to test for variation between years and
operators to obtain high quality error estimates (van Leeuwen et al.,
2021, supplementary Table A.2). For the comparison between operators,
the number of replications was reduced. If an operator performed less
than ten analytical measurements per calendar year for a specific soil
property, thus observations were not considered in this analysis.
Different performance parameters were applied to validate laboratory
methods. The relative standard deviation (RSD, Eq. 1) was calculated to
detect imprecision. William Horwitz studied the relationship between
variability of chemical measurements and the concentration of the an-
alyte and established the basis for current analytical procedures (Albert
and Horwitz, 1997; Workman and Mark, 2006). From this, the Horwitz
trumpet was developed (Horwitz, 1982) in order to quantify the rela-
tionship of the laboratory coefficient of variation (CV, in %) and the
analyte concentration which was applied to calculate the HorRat values,
which are used here to evaluate method precision (RSDy, Eq. 2). The
HorRat value combines the actual RSD of the reference material with the
Horwitz equation that includes the mean concentration of the analyte
(Eq. 3) and gives a rough classification of data precision and accept-
ability for a chemical method (Zhang et al., 2009; supplementary
Table A.3).

RSDg_Relative standard deviation of the reference analyte

Standard deviation

*100 (€D)]

- Reference analyte mean
RSDy = Horwitz equation = 2(1-0:5l0gC) (2)

(C = mean concentration of the reference analyte)

RSDy
RSDy

HorRat = Horwitz ratio = 3

For data trueness, the Z-Score was calculated (Eq. 4) from inter-
laboratory results and classified subsequently (supplementary
Table A.4). The interpretation of the Z-Score is based on the assumption
that laboratory results follow a normal distribution, implying that lab-
oratory results can be found within two standard deviations (SD) with a
probability of 95% and within three SD with a probability of 99.7%
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Table 3

Validation parameters of reference material for six different soil laboratory
methods averaged over all operators at INIA’s soil laboratory, La Estanzuela,
Uruguay (IRM: internal reference soil materials, n: number of observations,
RSDg: relative standard deviation of the reference material for repeatability in
%, Av: average concentration of the reference material in ppm, RSDy: result
obtained from Horwitz equation (predicted relative standard deviation for
reproducibility in %); Max RSDr: maximum acceptable standard deviation
(=RSDy x2) in %; HorRat: Horwitz ratio (see Table 2)).

Lab method (ID, years n RSDr  Av RSDy  Max HorRat
in use) (ppm) RSDg
S%C)'Tmﬂey (RML, 149 15 14,940 3.8 7.6 0.4
SOCLECO (IRM2,2) 89 57 17,900 3.7 7.4 15
Bray-P (IRM3, 5) 47 67 18.2 103 20.6 0.7
C‘g)‘c acidP (IRM4,  1g0 95 983 9.7 19.4 1.0
pH* (IRM4, 6) 215 2.8 5.8 123 246 0.2
Kexen™* (IRMA, 5) 199 52 0.77 166  33.2 0.3

(SOC: soil organic carbon; Bray-P: available soil phosphorous with Bray; citric
acid-P: available soil phosphorous with citric acid; Kexch: €xchangeable soil
potassium; *soil pH was not transformed in negative logarithm of the hydrogen
ion concentration to obtain ppm concentration, but remained in pH scale; ** in
cmol kg'l)

(Steel and Torrie, 1960; Valcarcel, 2000).

Laboratory result — overall mean obtained by all participating laboratories
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3.1.1. SOC by Tinsley wet combustion

The factor year of analysis (Table 1) significantly affected SOC
concentrations of the internal reference soil material 1 (IRM1), but
operator did not (Table 2). The maximum acceptable RSD for wet
combustion by the Tinsley method, according to the Horwitz equation, is
7.6% (Table 3). Still, calculated values were always under 2%, following
the reported CV by Chatterjee et al. (2009). The SOC concentration of
IRM1, used over five years, ranged between 14.6 and 15.1 g kg!
(Table 1). Firstly, this confirmed a minor variation in concentration and
method accuracy, pointing towards a low error of the analytical method
on SOC evolution over time, and hence a low impact on a possibly
measurable treatment effect. Secondly, the results showed that SOC
concentration was affected by long-term storage time after it has been
dried, becoming slightly higher from year to year. This finding was not
in accordance with results of other studies (Blake et al., 2000; Kiihnel
etal., 2019) and needs to be crosschecked when stored soil samples from
LTE archives are (re) analyzed. However, the unbalanced number of
samples in two deviant years 2001 and 2005 weakened the statistical
analysis and does not provide a robust evidence for concrete storage
failure as RSD remained very low. To minimize storage effects on lab-
oratory precision, the inclusion of a certified standard could solve the
problem.

3.1.2. SOC by LECO dry combustion
The SOC concentration of IRM2 analyzed with LECO did not show

4

Z — Score = —
standard deviation

(after Belli et al., 2009)
3. Results and discussion

3.1. Analytical method validation: precision

~Table 1.
~Table 2.
~Table 3.
0.0 r
=00 y =1.3377x-2.0621
R2=10.9492
400 | n=45
8 300} a
T .
_| g"
Q
O 200 ¢ o
0 &~
10.0
00 1 1 Il L |
0.0 10.0 20.0 30.0 40.0 50.0
SOC Tinsley

strong variations. The RSD for the IRM2 analyzed with LECO was 4.8%
in 2018 and 6.6% in 2019 (Table 1) indicating an acceptable data pre-
cision. The IRM2 was analyzed for a minimum time span of 12 months to
ensure the suitability as reference material (Jochum and Brueckner,
2008). However, it was not possible to conduct a robust method vali-
dation because there were only two years of LECO analysis observations;
significantly less than Tinsley IRM data (> five years).

3.1.3. Comparison between methods Tinsley and LECO method
To compare data obtained by Tinsley’s and LECO’s procedure,
samples of INIAs soil archive were reanalyzed. A t-test of paired samples

1200 1y =1.1582x+ 1.3448
R?=0.8418

100.0 | n=1927
o 800t
O
Ll
— 600
o
D a0 | oA

200 | AR

00 . | 1 | | |

0.0 200 40.0 60.0 80.0 100.0 120.0
SOC Tinsley

Fig. 1. Method comparison for soil organic carbon (SOC) concentrations (g kg 1) with Tinsley and LECO against the 1:1 line for (A) Reanalyzed samples of the LTE in
2019 and (B) Soil samples for internal method validation (collection of data provided by Alejandro Morén) in 2007 and 2008 at INIA’s soil laboratory, La Estan-

zuela, Uruguay.
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showed significant differences (P < 0.0001) between the data obtained
from Tinsley’s and LECO’s procedure, respectively (Fig. 1A). This
finding agrees with the past internal method validation using almost
2000 randomly collected soil samples from various soil types and
broader SOC concentration levels. For both sample sets, the same
correction factor of 0.81 was obtained (Fig. 1B).

Internal method validation showed that the correction factor and
correlation between both methods depend on the sample’s SOC con-
centration. Samples with SOC content below 15 g kg™! showed a low
correlation (R? = 0.25, n = 281) compared with SOC above 35 g kg™~!
(R2 = 0.50, n = 196). Hence, the correction factor to convert LECO to
Tinsley values was 0.79 for soil samples with low SOC, and 0.85 for
samples with high SOC concentrations. This was similar to results found
by Chan et al. (2011), who used correction factors based on a country
scale survey conducted by Skjemstad et al. (2000) in Australia. For a site
with high initial SOC content, the correction formula for conversion of
Walkey-Black (W—B, like Tinsley) SOC to LECO-SOC was Cgco = 1.074
Cwap+0.112 (R2 = 0.95). This differentiated conversion of SOC values is
required when LTE studies used several SOC methods over time and
handle a wide range of SOC concentrations within the data set. Ac-
cording to De Vos et al. (2007), SOC variation in a forest soil was
explained by up to 29% due to the laboratory method (here especially
the reaction temperature) and to a much lesser extent by texture or tree
species.

However, in our study, the wet digestion technique showed higher
precision (Table 1, RSD) compared with dry combustion, although
extraction rates of SOC were around 20% higher with dry combustion
which was in line with findings from other studies (Meersmans et al.,
2009; Mikhailova et al., 2003; Tivet et al., 2012). During wet combus-
tion, less SOC is oxidized because the heating obtained by the H2SO4
dilution is less than that externally supplied (Mikhailova et al., 2003).
This incomplete reaction explains that only 75% to 80% of all SOC was
measured (Piper, 1944).

3.1.4. Extractable phosphorus determined by Bray I and citric acid
extractants

The Bray-P and citric acid-P extraction of different IRMs was per-
formed over five and six years, respectively. The IRM3 and the IRM4
were analyzed with the Bray-P and citric acid-P extraction methods,
respectively (Supplementary Table A.2). Significant differences for
Bray-P concentrations in IRM3 were found for year and operator. An
average increase in Bray-P concentration in IRM3 of 0.5 ppm per year
over five years was observed. These numerical differences must be
treated with caution and do not necessarily imply agronomically rele-
vant effects (Table 1). Yearly variations in RSD were low and ranged
from 3.1% to 6.4%. The RSD for all operators ranged between 4.4 and
6.8% and was much lower than the reported maximum acceptable RSD

Table 4

Results of interlaboratory trials (Z-Score, compare Table 2) for three different
soil laboratory methods over 11 years at INIA’s soil laboratory, La Estanzuela,
Uruguay (n: number of yearly interlaboratory samples analyzed by INIA’s lab-
oratory, SOC: soil organic carbon; Keyen: €xchangeable soil potassium).

Z-Score
Year n SoC Soil pH Kexch
2006 12 1.3 0.9 1.5
2007 4 -0.4 0.3 0.9
2008 8 0.5 2.0 1.9
2009 8 -0.5 2.0 0.7
2010 20 -0.4 1.0 0.4
2012 4 1.6 1.8 1.6
2015 20 0.1 1.0 1.3
2016 20 -0.8 1.0 2.0
2017 20 -0.1 0.6 2.7
2018 20 -1.2 0.5 2.1
2019 12 —0.2 0.9 —0.4
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of 20.6% (Table 3). In contrast, no significant differences between op-
erators were found in IRM4 with Bray I extraction (Table 2). The IRM4
also showed a sharp concentration increase of 7 ppm in the fourth and
fifth year of Bray-P repetitive analysis (Table 1). It is most likely that this
happened due to the method change which was implemented in January
2016: an increase of the soil/solution ratio from 1/7 to 1/10 and the
flask shaking was modified from vertical to horizontal stirring.

The IRM3 was not dried again after its preparation and stayed in a
not closely sealed plastic container exposed to air moisture. The same
reference material (IRM3) was reanalyzed during routine daily analyses
between July and December 2019. It resulted in average Bray-P con-
centrations of 30 ppm (n = 14, RSD = 7.9%). The Bray-P concentration
in IRM3 had an annual linear increase of 1.1 ppm from 2009 to 2019 (R?
= 0.93, data not shown). We assume that sample storage containers for
IRM3 did not prevent daily or seasonal dry-wetting cycles. Thus, the
observed increase in Bray-P might be associated to P mobilization by
microbes as reactivated and increased with time due to absent repetitive
drying of the reference material. These results are in contrast with De
Nobili et al. (2006), who found no significant change in soil microbial
biomass after 12 years of storage in recently air-dried and rewetted soils.
Houba and Novozamsky (1998) have shown that extractable nutrients
like P in soil samples only increased significantly after six to 24 months
when stored at 70 °C. Authors mentioned as possible explanation that
the physical structure of organic matter may change with time which in
turn affects attached nutrients. Therefore, a subsequent analysis within
one calendar year or airtight and cool storage of soil samples for Bray-P
determination is recommended. For soils, alternate wetting and drying
have a considerable effect on phosphorus solubility (Worsfold et al.,
2005). Overall, to the best of our knowledge there are no previous
studies that evaluate the effects of long-term soil storage on soil avail-
able P. In this matter, Benton Jones (2001) reported limited knowledge
of the effects of storage time in soil chemical indicators.

Phosphorus concentrations by citric acid extraction were signifi-
cantly affected by year and operator (Tables 4 and 5). The average citric
acid-P of the IRM4 was 28 ppm in 2013, 2014, and 2015, respectively,
increased to 32 ppm in 2016 and decreased to 27 ppm in 2017 and 2018.
However, no sample storage time effects were observed on P extraction
with citric acid, but variations occurred for the particular year 2016.

Differences between methods in RSD were not addressed statisti-
cally, but extractable P with citric acid and Bray had the highest RSD
values (9.5 and 6.7, respectively, Table 3). Essentially, these
operationally-defined methods are incomplete extractions, where the
amount of P extracted depends on the extraction conditions (i.e. shaking
time, air temperature, soil:solution ratio, extraction solution concen-
tration). Therefore, the precision of the size of this P pool depends on the
precision of these extraction conditions. These methods have inherently
more sources of error than other methods such as SOC combustion,
where a sample is subjected to digestion under conditions in excess.
HorRat values for both methods were in an acceptable range (Table 3)
and coincided with HorRat values reported for the Mehlich-3 test for
extractable P, which range between 0.36 and 1.07 (Zhang et al., 2009).

Since the IRM4 was used for both P extraction methods between
2013 and 2018 (supplementary Table A.2), analytical differences and
extraction behavior are presented. The P extraction of the same IRM was
higher with Bray-P (40.2 ppm, n = 287) compared with citric acid-P
(28.5 ppm, n = 186). Considering that both methods use different
extraction solutions and that suitability to represent available P vary
with soil type and properties (Abdu, 2006; Wuenscher et al., 2015),
correlation with plant P extractions should be evaluated.

3.1.5. Soil pH

Significant differences in pH were found between operators
(Table 2). This finding reinforces the importance of using stable and
homogenous IRM in each sample batch for proper quality control as
recommended by international suppliers of proficiency tests like WEPAL
(WEPAL, 2019). However, no significant differences in pH were found
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Table 5

Comparison between internal reference soil materials (IRM) originated from LTE and annual soil survey from LTE for a particular year and plot at INIA’s soil labo-
ratory, La Estanzuela, Uruguay (n = number of observations in the year of IRM analysis, Av: average, SD = standard deviation, LTE value: result of composite sample
originating from annual soil survey in long-term experiment corresponding to Year of IRM analysis).

SOC-Tinsley (IRM1, g kg'l) SOC-LECO (IRM2, g kg'l) Bray-P (IRM3, ppm) Citric acid-P (IRM4, ppm) pH (IRM4) Kexch (IRM4, cmol kg'l)
Year of IRM sampling 2000 2016 2003 2012 2012 2012
Year of IRM analysis® 2002 2018 2010 2013 2013 2014
n (IRM) 40 47 123 73 37 37
Av (IRM) 149 17.9 17.4 28 5.9 0.77
SD 0.2 0.9 1.1 2.4 0.2 0.03
LTE value” 14.9 16.9 21.2 32.6 6.2 0.59

# Year of highest number of analysis.

b Value of the composite sample taken in the year of IRM sampling in the same plot during the annual soil survey of the LTE.

between years (Table 1). The IRM4 was used over six years without any
significant differences in analytical results of soil pH. The latest changes
in the pH methodology were implemented in 2014, reducing the stirring
period from 15 min to 3 min (Beretta-Blanco et al., 2014), which did not
affect the pH of the IRM4. Stable pH values were observed over a storage
time of six years. This was in disagreement with Falkengren-Grerup
(1995) results who reported a gradual decrease in pH that averaged 0.8
units in soil samples after 40 years of storage. Still, the evaluation period
was not sufficient to draw conclusions on long-term pH changes in
stored soil samples. The applied method of soil pH reached the highest
precision, which contributed to a sound data interpretation of LTE
values after 55 years conducted in Grahmann et al. (2020).

3.1.6. Exchangeable K

The effect of the year on Kexenh, was relatively weak (p = 0.0362,
Table 1). The method determines a very small range of concentration,
which automatically increases the acceptable variation (Table 3). All
years, except 2018, exhibited excellent precision for Kexch. No significant
differences for Kexch in the IRM4 were found between the two operators
that worked with this method (Table 2). Data suggest that a limited
number of selected operators conducting a particular method could lead
to higher precision with higher repeatability between individuals
(Table 2). Blake et al. (2000) found that Kexep concentrations in long-
term stored samples analyzed in 1959 and again in 1991 were signifi-
cantly different. Our data do not support this trend, although only six
years were evaluated.

3.2. Analytical method validation: trueness

Interlaboratory performance for SOC, soil pH, and Kexch, was tested in

11 years to check the trueness of data. The Z-Scores for SOC content
were found to vary in such interlaboratory performance tests between
—1.2 and 1.6 (Table 4). Similar results with a Z-Score between —1.5 and
1.5 were found in a Mexican interlaboratory trial with eight partici-
pating laboratories (Guerrero Pena et al., 2019). For soil pH, and Kexch
the Z-Score varied between 0.3 and 2.0 and — 0.4 to 2.7, respectively.
Note that most method validation parameters of pH measurement
remain low by definition as they correspond to a log scale. Therefore, the
Z-Score is a minor indicator to identify the variation of pH analysis
between laboratories. For pH it is more relevant to look at the absolute
range of variation (Suvannang and Hartmann, 2019).

An exception was observed in the analysis of Kexch in 2017 and 2018
(Table 4), when the Z-Score exceeded the critical value of 2 which points
towards unsatisfactory laboratory performance. The fact that the
participating laboratories used different standard operation procedures
for K extraction (amount of extractant, concentration of extractant,
amount of soil sample, etc.) might explain the observed differences
(Linsinger et al., 1998; Suvannang and Hartmann, 2019).

3.3. Implications for the data accuracy of the LTE annual soil surveys

Following the Horwitz curve (Horwitz and Albert, 2006), the
acceptable RSD increased with decreasing target concentrations of the
reference material (Table 3). Essential elements had the lowest pre-
dicted RSD (=CV%), for example 3.8% for SOC determined with Tinsley,
whereas macronutrients with smaller target concentration like
exchangeable K had a predicted RSD of 16.6%. In commercial labora-
tories, a maximum acceptable variation of 3% is quite common to ensure
high data quality which increases at low concentration ranges (Konig
et al., 2013).
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Fig. 2. Comparison of soil organic carbon (SOC) concentrations (g kg~!) between annually-averaged internal reference soil materials (AvIRM) and annual soil survey
value over 13 years (IRM-SD and IRM + SD present maximum tolerable concentration range of internal reference soil materials) and respective grown crops in the
LTE treatment CA+ (W: wheat, B: barley, So: sorghum, Su: sunflower, M:maize; Supplementary Table 1). Stars indicate year of new IRM batch sampling in plot 5

(similar treatment CA+) of the LTE (Supplementary Table 3).
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Marginal differences between the yearly internal reference soil ma-
terial average (Av IRM) and the corresponding annual LTE value ("LTE
value', Fig. 2, details on sampling explained in section 2.5 and Grah-
mann et al., 2020) imply that for most soil chemical properties, annual
soil surveys had high data quality with accurate values (Table 5). An
additional use of certified material could underline these findings, but
was mostly absent in this laboratory. These kinds of high quality datasets
can be used for model development, model fitting and robust statistical
analysis of long-term treatment effects (Johnston and Poulton, 2018)
although soil data originate from a non-certified soil laboratory. As
mentioned before, the precision for all methods was within the accept-
able range provided by the HorRat value. Kexeh had considerable dif-
ferences between LTE and IRM value (Table 5). Most likely, the
differences between IRM and LTE value correspond to spatial plot
variability or sampling error. There was no K fertilization in the entire
experiment over 50 years, and the sampled LTE plots still demonstrate a
natural K within-field variation. The IRM4 was taken from the outer
parts of the plot with less biomass production due to plot border effects
and hence reduced K soil removal, leading to higher K concentrations in
the reference soil sample. In the remaining central plot area, where the
LTE soil survey was conducted annually, K was depleted by long-term
crop removal (Ryan et al., 2012). The LTE soil survey values of P,
extracted either by Bray I or citric acid, were higher compared with the
average IRM values. P is applied each year as mineral fertilizer in the
experimental plots. It is possible that the fact that fertilizer spreaders
made better P distribution in the plot center where annual soil samples
were collected explained lower values of IRM taken in the plot edge.

High fluctuations in SOC from 12.7 g kg~ in 2003 to 15.9 g kg™ ! in
2004 were observed in the annual soil survey in plot 5 of the LTE (“LTE
value”, Fig. 2). Assuming a bulk density of 1.25 g cm ™2 in the top 0-15
cm soil depth, this variation represents an increase of 6.00 Mg ha™?
which is unrealistic to reach in such a short period for any agricultural
system under these conditions. According to a meta-analysis conducted
by Jian et al. (2020), the mean rate of carbon sequestration using cover
cropping (higher values of C accumulation) across all studies was 0.56
Mg ha~! yr~!. Fig. 2 considered the yearly averaged IRM concentration
of seven batches, including their minimum and maximum acceptable
RSD of the laboratory method. The IRM batches (IRM1-IRM1f; supple-
mentary Table A.6), all originating from plot 5 of the LTE, were collected
between 2000 and 2012 and used for two to five years. For the previ-
ously reported SOC laboratory precision analysis (section 3.1.1), only
IRM1 was used. In three years (2003, 2009, 2012), the measured SOC
concentration of the LTE value was outside the confidence interval
resulting from the IRM (Fig. 2). If soil samples were taken only every
three to six years, which is quite common in other LTE studies, con-
clusions would diverge significantly from actual values as SOC increase
and decrease rates were much higher compared with years that were
within the confidence interval. This sharp fluctuation of SOC in the
annual soil campaigns can mainly be attributed to a sampling error or
high spatial variability and less to a significant treatment effect caused
by crop rotation effects (which is the focus of the studied LTE). Also, we
can exclude that laboratory accuracy was responsible for these con-
centration leaps in 2003, 2009 or 2012 as the IRM curves were flatter
(Fig. 2). Intrinsic spatial variation of each plot needs to be considered in
sporadic, punctual or short-term studies taking place in LTE and could
mask the expected long-term treatment effects. This background vari-
ability of experimental units in LTE was already discussed and is of
outstanding importance to account for initial soil differences within
plots (Poeplau et al., 2016; -Siri-Prieto et al., 2006; Zhang et al., 2020).
Poeplau et al. (2016) described that heterogeneity of SOC values within
a plot can be as significant as the SOC difference obtained over many
decades. We suggest that these particular data points outside the IRM
confidence interval should be regarded as outliers or taken with caution
in the LTE data base. The validity of studies that analyze SOC changes in
LTE considering only sporadic soil analysis is therefore limited. Also, in
many LTE studies that analyze temporal changes in soil quality, nutrient
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dynamics or C stocks, the quality of soil data is not considered. We found
that uncertainty estimates and method validation parameters like RSD
or HorRat values for different soil property analyses are rarely included
in the materials and methods section of the reviewed references which
was also observed by van Leeuwen et al. (2021). Hence, the reader is not
informed about precision performance of the laboratory analysis in LTE
studies. To avoid the risk of neglecting the importance of this informa-
tion regarding subsequent proper data analysis and interpretation, we
encourage LTE scientific coordinators and institute managers to estab-
lish and publish long-term method validation schemes, particularly for
non-certified soil laboratories. Furthermore, it is recommended that soil
laboratories document all relevant laboratory data and information on
method validation meticulously over the LTE running time. Interna-
tionally endorsed protocols to harmonize and standardize soil labora-
tory procedures for LTE studies need to be developed (Jandl et al., 2014)
and should adhere to the framework of the Global Soil Laboratory
Network (GLOSOLAN; Suvannang and Hartmann, 2019).

4. Conclusions

This paper proposes a complete and straightforward procedure for
the non-certified soil laboratory in Uruguay to evaluate data quality of
different soil chemical parameters from samples taken in the oldest LTE
in Latin America. It describes various statistical procedures and perfor-
mance parameters that can be used to ensure precise and true soil data
over many years, which is a prerequisite to answer scientific questions in
long-term trials. The study showed that repeatability (year dimension)
and reproducibility (operator dimension) tests for laboratory methods
are crucial to further understand LTE soil data and to improve precision
of laboratory techniques over time. We recommend that soil laboratories
involved in LTE studies should provide yearly quality method validation
reports using internal, or rather preferable, certified reference soil
materials.

Results of this study demonstrated that laboratory analysis over
many years were of high precision for most soil analytes, despite the lack
of certification or accreditation. However, the overall concept of accu-
racy including trueness could not be confirmed for all soil properties due
to the lack of interlaboratory trials for P methods and absent certified
reference material. This is a fundamental prerequisite to use the ob-
tained LTE soil data for study comparisons, modelling approaches and
meta-analysis of LTE soil studies around the globe. Especially for SOC,
one of the most often analyzed analytes in soils, data accuracy of the LTE
values was very high. Inappropriate IRM soil sample storage showed low
variability over the years for soil pH, Kexen and SOC, but resulted in
concentration increases for Bray-P, which we attributed to rewetting
and demands for an improvement of storage conditions.

A detailed protocol for soil sampling and their subsequent laboratory
analysis is critical in research, especially when it aims to detect potential
differences in soil properties generated by different treatments over
time. If soil samples were sent to different laboratories during different
sampling campaigns, researchers need to request internal quality control
data to verify data accuracy and analytical bias for each laboratory. We
also suggest a meticulous materials and methods section in publications
when soil data from LTE are presented. Particularly method details like
extraction time, amount of used soil or mL of extractant contribute to
making values from different LTE more comparable, e.g. for meta-
analysis. We recommend soil laboratories to analyze various method
validation parameters in regular intervals, as only the combination of
these performance tools (RSD, HorRat, Z-Score and statistical signifi-
cance tests) enables to decide about the suitability and reliability of a
laboratory method and its subsequent data utilization in LTE studies.

The aggregate of data demonstrated that, for the oldest agricultural
LTE in Latin America, internal reference soil material and interlabor-
atory data, were useful to test method precision, trueness and data-set
reliability of several soil properties evaluated at the site over a
decade. These results add to the evidence of the importance of chemical
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soil laboratory method validation in LTE research and should be
considered in other LTE soil dynamic studies. Proficiency testing in non-
certified soil laboratories using internal reference soil material con-
tributes to an improved outreach of long-term studies in international
soil science but requires further advancement and efforts in the use of
certified reference material.
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