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Abstract

Long-term experiments (LTEs) have provided data to modellers and agronomists
to investigate changes and dynamics of soil organic carbon (SOC) under different
cropping systems. As treatment changes have occurred due to agricultural
advancements, so too have analytical soil methods. This may lead to method bias
over time, which could affect the robust interpretation of data and conclusions
drawn. This study aims to quantify differences in SOC due to changes in dry
combustion methods over time, using soil samples of a LTE established in 1963
that focuses on mineral and organic fertilizer management in the temperate zone
of Northeast Germany. For this purpose, 1059 soil samples, collected between
1976 and 2008, have been analysed twice, once with their historical laboratory
method right after sampling, and a second time in 2016 when all samples were
analysed using the same elementary analyser. In 9 of 11 soil sampling campaigns,
a paired t-test provided evidence for significant differences in the historical SOC
values when compared with the re-analysed concentrations of the same LTE
sample. In the sampling years 1988 and 2004, the historical analysis obtained
about 0.9 g kg~ ' lower SOC compared with the re-analysed one. For 1990 and
1998, this difference was about 0.4 g kg *. Correction factors, an approach often
used to correct for different analytical techniques, could only be applied for 5 of
11 sampling campaigns to account for constant and proportional systematic
method error. For this particular LTE, the interpretation of SOC changes due to
agronomic management (here fertilization) deviates depending on the analytical
method used, which may weaken the explanatory power of the historical data.
We demonstrate that analytical method changes over time present one of many
challenges in the interpretation of time series data of SOC dynamics. Therefore,
LTE site managers need to ensure providing all necessary protocols and data in
order to retrace method changes and if necessary recalculate SOC.
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1 | INTRODUCTION

Soil organic carbon (SOC) is among the most important
indicators of soil quality and sustainable agricultural prac-
tices and a key component in soil-based climate change
mitigation strategies (Blinemann et al., 2018; Minasny
et al,, 2017; Stella et al., 2019). A wide range of methods
exist to determine SOC concentrations per unit mass under
laboratory conditions, in addition to indirect approaches
such as mid- and near-infrared (MIR, NIR) spectroscopies
(Biney et al., 2021; Leue et al., 2019), which have become
increasingly common in assessing SOC at different spatial
scales (O'Rourke et al., 2015). However, the most widely
established SOC laboratory methods used presently are dry
combustion techniques using automatic elemental analy-
sers, which are recognized as gold standard methods
(Chatterjee et al., 2009; Davis et al., 2018; FAO, 2020).

Agricultural practices, such as mineral and organic
fertilization, have shown significant impacts on soil car-
bon dynamics and sequestration (Beillouin et al., 2022;
Korschens et al.,, 2013). As SOC changes occur slowly
in response to agricultural management (Grahmann
et al., 2020; Smith, 2004), years or decades are required to
reliably detect and quantify rates of change (Johnston &
Poulton, 2018; Smith, 2004). For that reason, long-term
experiments (LTEs) have provided the experimental plat-
form to identify optimal combinations of fertilization
management with respect to source and application rates
and how they influence SOC stocks over time. Thus,
LTEs have been fundamental in helping to design sus-
tainable intensification pathways and to help mitigate
global warming (Olson et al., 2014; Richter et al., 2007).
In this sense, if measured, LTEs produce comprehensive
and multidisciplinary SOC data sets to assess long-term
sustainability, adaptation to climate change and produc-
tivity of cropping systems (Berti et al., 2016; Rasmussen
et al., 1998).

When evaluating long-term soil data sets, researchers
are confronted with several questions about interpreting
and managing data uncertainties generated by analytics
over time. Commonly, laboratory methods for a specific
soil property may change over the lifespan of a LTE, and
there is often a lack of method documentation and verifi-
cation (Davis et al., 2018; Grahmann et al., 2022). How-
ever, to guarantee the quality of long-term soil data and
ensuring its correct interpretation, issues associated with
the accuracy and bias of analytical methods need to be
considered, especially when different analytical equip-
ment is used over time. Trueness in analytical studies
refers to systematic error and bias and is defined as
the systematic difference between the ‘true’ value, X,
and the mean value of a large number of measurements
(van Leeuwen et al., 2021). Systematic bias is expressed
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by constant and proportional errors (Magari, 2004).
Method bias is especially important for soil survey data
of LTEs. Method bias exclusion and robust SOC labora-
tory results require the unification of methods through
re-analysis of archived samples, which is seldom possible
due to cost. Often, the application of conversion factors
to compare SOC values between different methods
is used (Petrokofsky et al., 2012). This is not only impor-
tant for the assessment of SOC changes within the same
experimental unit but also when comparing results across
LTEs to address more universal questions. National and
international assessment studies of SOC stocks, for exam-
ple, require the application of conversion factors between
different SOC methods (Lettens et al., 2007; Petrokofsky
et al., 2012). However, this correction factor or mean
recovery rate is not universal and depends on the diver-
gence between both methods, but also on the soil type,
sample SOC concentration range and its physical compo-
sition (Chan et al., 2011; Diaz-Zorita, 1999; Grahmann
et al., 2022). The same applies for the impact of organic
fertilizer application and its physical existence in the
form of straw and decomposing particulate organic mat-
ter in the analyte, which may affect recovery rates
between different methods (Carter, 2002; Meersmans
et al., 2009).

Several studies have evaluated the effect of soil nutrient
status on SOC extraction rates found between different lab-
oratory methods. In particular, the discrepancy found in
SOC values produced when using wet and dry combustion
techniques, and with increasing SOC concentration (Davis
et al., 2018; GLOSOLAN, 2019). Tropical soil samples with
high organic carbon concentrations often show an incom-
plete oxidation using the Walkley-Black method (wet com-
bustion) when compared with dry combustion (Tivet
et al., 2012). The influence of laboratory method, mainly
caused by different reaction temperatures, accounted for
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29% of the SOC concentration variation in a forest soil
(De Vos et al., 2007). Average extraction rates of SOC have
been found to be about 20% higher with dry combustion
methods compared with wet combustion methods
(Meersmans et al., 2009; Mikhailova et al., 2003; Tivet
et al., 2012). During wet combustion, less SOC is oxidized
because the heating obtained by the sulphuric acid dilution
(H,SO,) is less than that externally supplied (Mikhailova
et al., 2003). This incomplete reaction resulted in only
59%-88% of all SOC being measured using the Walkley-
Black method (Chatterjee et al., 2009).

This study focuses on the analytical error of SOC in
LTE samples caused by different instruments being used
over time. Prior to or during analysis, other sources of
error may occur during sample collection and preparation
(Menditto et al., 2007). For example, errors in the true
SOC determination may occur during the sieving of a sam-
ple due to different applied forces and durations resulting
in more or less contamination with particulate organic
material such as straw and roots <2 mm (Diaz-Zorita
et al., 2007; Kowalenko, 2001; Xu et al., 2017). Further-
more, a lack of soil sample homogenization by limited
milling facilities (FAO, 2018), or bias due to changing lab-
oratory operators over time (Grahmann et al., 2022), may
affect the laboratory result. Changes in field sampling
design (Olson et al., 2014), natural heterogeneous soil con-
ditions (Brus, 2021; Poeplau et al., 2016) and landscape
heterogeneity and topography (Goidts et al., 2009) may
also affect the final SOC determination. Additional chal-
lenges of SOC determination in LTEs, which are not
addressed in this study, are possible technogenic soil shifts
in the sampling area, especially due to tillage, which may
cause blurring in marginal areas of adjacent treatments
(Sibbesen, 1986; Sibbesen et al., 2000). Storage time and
soil archive conditions present another uncertain compo-
nent for SOC determination in LTE studies that deserve
more attention in future research (Bergh et al., 2022;
Kiihnel et al., 2019). However, the re-analysis of historical
archived samples, with new state-of-the-art methods,
might overcome the bias caused by different instrumenta-
tion being used over time (Jensen et al., 2018).

The objectives of this research were (1) to compare
different historic SOC analytical methods against a new
reference method using archived samples taken between
1976 and 2008 from a LTE; (2) to quantify how changing
laboratory methods affect the variation in SOC extraction
under different long-term mineral and organic fertilizer
management practices; and (3) to assess the challenges
and possible solutions that researchers face and seek
when analysing and interpreting SOC survey data from
LTE. We emphasize that our study cannot quantify other
sources of error due to the availability of historical data
and the circumstances of archived soil samples.

2 | MATERIALS AND METHODS

2.1 | Study site

The studied LTE V140’ is located in Miincheberg, Bran-
denburg, Germany (lat: 52°31'01” N, long: 14°07'19” E,
62 m asl.) at the experimental station of the Leibniz Centre
for Agricultural Research (ZALF) and was established in
1963. The site has a moderately continental climate and is
characterized by a mean annual precipitation of 538 mm
and a mean annual temperature of 9.3°C (30-year refer-
ence period from 1991 2020 of ZALF weather station). The
dominant soil at the site is classified as Albic Luvisol
(Arenic, Neocambic) (FAO et al., 2014) with predominant
sandy texture of 740 gkg ' (50 gkg ' clay, 210 gkg "
silt), low total carbon concentrations (4.3-5.2gkg™ '), a
CEC of 31.5-35.6 mmolc kg ! and a pH (KCI) of 5.4-5.9
in the plough layer (0-25 cm) (Ellerbrock et al., 1999). The
LTE area has an elevation difference of about 1.20 m from
the north to south diagonal line of about 125 m.

The LTE V140’ evaluates the effects of different min-
eral and organic fertilization strategies regarding fertilizer
type and dose on crop yield and soil fertility. The crop rota-
tion was cereals alternating with root crops (sugar beets,
potatoes, maize) until 1994 and changed in 1995 to winter
wheat-silage maize-winter rye-oil flax-winter rye-pota-
toes-spring barley—peas. The experimental design consists
of 21 treatments, varying in mineral and organic N fertilizer
source and N fertilizer application rates plus non-fertilized
control plots with eight replications per treatment, which
are sown with the same crop in 1 year. It has a full random-
ized block design with 168 individual plots. Fertilizer was
either applied solely as mineral NPK (Nitrogen (N) as cal-
cium ammonium nitrate, phosphorus (P) and potassium
(K) as mixed mineral fertilizer or in form of pure P and K
fertilizers, respectively), or NPK combined with 1.2 or
32tha ' a ' dry matter (DM) cow farmyard manure
applied before the crops potato, silage maize or sugar beet
(except for the years 1977-1981, when solid slurry was
used) or NPK plus 40t DM ha' straw residue retention
after cereal harvest. The non-fertilized control (Zero NPK)
only received a P and K fertilization between 1977 and
1981. Each plot has a size of 30 m” (6.0 x 5.0 m). The plots
of V140 were regularly limed to maintain optimal pH levels.
Long-term crop performance and grain production were
evaluated for barley (Thai, Bellingrath-Kimura, et al., 2020)
and wheat (Thai, Omari, et al., 2020).

2.2 | Soil sampling and SOC analysis

Since 1963, soil samples were taken regularly every 2
(until 1998) to 4 years (since 2004) by the staff of the
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TABLE 1
were carbonate-free).

Features of applied dry combustion laboratory methods for determining SOC (C, = total carbon, C; = SOC as soil samples

Period Method
(years) Lab standard Method description group Sampling campaign
1970-1993 TGL 25418/04 C;: Dry combustion at 1050°C in oxygen A 1976, 1982, 1984, 1986, 1988, 1990, 1992
stream (CO,-conductivity change) at
ZALF
1994-2006 DIN ISO C;: Dry combustion at 1350°C with CNS- B 1994, 1998, 2004
10694:1995 2000 (LECO Corporation, St. Joseph, MI,
USA) in Braunschweig, FAL
2007-2018 DIN ISO C;: Dry combustion at 950°C with TruSpec C 2008, 2016
10694:1995 CHN (LECO Corporation, St. Joseph, MI,

USA) at ZALF

Experimental Station of ZALF and analysed for several
chemical soil properties in the institutional laboratory at
ZALF. However, between 1994 and 2004, samples were
analysed at FAL (Forschungsanstalt fiir Landwirtschaft,
engl. Agricultural Research Institute) Braunschweig-
Volkenrode (now Thiinen Institute). Soil samples were
always collected after grain harvest and before fertiliza-
tion applications to a depth of 0-25cm and 25-50 cm
using a soil auger. At each sampling, one composite sam-
ple was taken from minimum five locations within each
plot. Soil samples were air-dried, sieved <2 mm and
milled to <0.5 mm particle size before analysis of SOC
according to their respective dry combustion method
(Table 1). The individual amount of each analysed soil
sample was not recorded, but was assumed similar across
treatments and years for the respective elementary analy-
sers and varied between 200 and 500 mg of air-dried and
milled soil. Soil moisture of air-dried samples was not
determined and was assumed minimal in sandy soils, and
hence negligible. This assumption is based on the fact that
available unpublished data show an average soil moisture
of 0.45Vol.% (min. = 0.28 Vol.%, max. = 0.69 Vol.%) in
air-dried, archived soil samples from 1982 determined by
the gravimetric method (105°C) in 18 Ap horizons (top
soil) of the experimental area where the LTE is located
(Data S1). The amount of water in sandy soils, which is
not plant available and below the permanent wilting
point of pF 4.2, ranges between 2 Vol.% (coarse sand)
and 5 Vol.% (fine sand) (Salter & Williams, 1965). The
moisture content of the archived soil samples was less
than 1 Vol.%, which is saved and retained in pores of sand
particles, making it unavailable for microorganism and
excluding microbial activity due to storage (Tecon &
Or, 2017). After analysis, samples were packed in paper
bags until 1994 and thereafter in sealed polyethylene bags.
Bags were stored under unconditioned ambient air and
unstable temperature and humidity conditions in build-
ings used for LTE sample archiving.

In 2015, a set of subsamples was selected for 11 years
and 13 treatments (0-25cm depth) from the sample
archive for re-analysis (Table 2). Of five N fertilizer dose
treatments, three of them were chosen: low, middle and
high N dose (Table 3). For samples from some years, no
re-analysis was possible as the amount or replicate num-
ber of required samples was not sufficient for re-analysis.
A total of 1059 samples collected between 1976 and 2008
with eight soil sample replicates per treatment were re-
analysed in 2016 with the reference method of dry com-
bustion using the LECO TruSpec elementary analyser
(Table 1). For the year 1976, only half of the re-analysed
samples were considered in this data set as irrigation was
applied in one single occasion for the other half of the
plots. The detection range of total carbon for TruSpec
provided by the manufacturer was between 0.02 and
200 mg with a RSD of 0.01 mg or 0.4%. Gazulla et al.
(2012) reported a detection limit of 0.03% and a quantifi-
cation limit of 0.08% determined from the measurements
of a soil sample with a low concentration of the analyte
of interest, SOC. Due to minimal levels of carbonates, soil
samples were analysed for total C, which was assumed to
be equal to SOC (C; = SOC).

2.3 | Statistical analysis

Outliers were determined by the Z-score method for
each sampling year within the range of —2.5 to 2.5
(Visser, 2006). The Z-score does not account for different
treatments, as the SOC discrepancy between treatments
for one sampling year might be quite large due to the
contrasting agronomic practices and long running time
of this LTE. This excluded from further analysis a total of
26 data pairs (Table 2). Thus, the data set consisted of
2066 data points, and 1033 pairs for method comparison
(Table 4). Bland-Altman plots (Bland & Altman, 1999)
were created to visualize and to examine the data for
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TABLE 2
samples per year and summary of

Number of re-analysed

oil Science

Outlier detection

outlier removal. Sampling campaign Re-analysed samples Historic Reference

1976 45 0 1

1982 104 2 3

1984 91 1 1

1986 100 1 1

1988 96 0 1

1990 104 2 1

1992 104 0 2

1994 103 0 0

1998 104 1 3

2004 104 1 4

2008 104 2 2

TABLE 3 Selected long-term experiment treatments and average mineral N fertilizer dose.
N dose (kg/ha) in mineral NPK
Abbreviation N fertilizer type averaged per crop/crop rotation
Low Medium High
Zero NPK No fertilization (except 1977 and 1981, see above) 0 - -
NPK Mineral NPK fertilizer 30 98 166
NPK + fym1 Mineral NPK fertilizer 30 98 166
1.2tha~' a~! DM farm yard manure
NPK + fym2 Mineral NPK fertilizer 0 64 132
3.2 tha'a ~! DM farm yard manure

NPK + Straw Mineral NPK fertilizer 30 98 166

4.0 t ha~' DM straw

Abbreviation: DM, dry matter.

potential trends or patterns. They constitute a simple way
to evaluate bias between the mean differences of two
methods, and to estimate an agreement interval within
which lies the 95% limit of agreement of the second
method. In these plots, the x-axis is the mean value of the
paired historic and reference SOC method, and the y-axis
is the difference in g kg ™' of SOC expressed in percent (%)
of the paired measurements (Zhu et al., 2021). For this
purpose, we subtract the historic value from the reference
value. Normal distribution was tested with Shapiro-Wilk
for both the historic and reference data sets in each
sampling year. Because data were normally distributed in
almost all years (except reference data set in 2004), the
Pearson coefficient » was used to test for correlation
between methods, the coefficient of determination (R?)
was calculated to evaluate the quality of the model fit and
the adjusted R® considered the impact of additional
independent variables for each sampling year. The

concordance correlation was included to quantify the devi-
ation from the 1:1 line. According to the scale developed
by McBride (2005), Lin's concordance correlation coeffi-
cient (Lin, 1989) is considered poor if it is <0.90, moderate
if 0.90-0.95, substantial if 0.95-0.99 and almost perfect if
>0.99. The one-way ANOVA fixed effects model was used
to calculate the 95% confidence interval (CI) of the intra-
class correlation coefficient (ICC). The CI for a difference
in proportions is calculated as follows:

Confidence interval = (p,—p,) £z x \/p, (1 —p;)/m +p,(1—p,) /12

(1)

with p; and p, being sample 1 proportion and sample
2 proportion, z being the z-critical value based on the
confidence level and n, and n, being sample 1 size and
sample 2 size, respectively. Due to the small variances for
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the values in 1992, the ICC was not calculated for that
year (mean difference = —0.02). A paired t-test was used
to check for significant differences at alpha = <0.05
between the reference and historic method.

Method comparison studies mostly handle common
linear regression analysis and coefficients of determina-
tion, which have been considered less effective to measure
for constant and proportional systematic bias (Ellsdfier
et al., 2021; Ludbrook, 2010). Improved methods for
regression analysis were suggested to compare different
analytical methods (Martin, 2000). One of these, the Dem-
ing regression accounts for both the reference and the his-
toric method to contain errors and was applied in this
study to compare the methods used for SOC measure-
ments. Deming is different from simple linear regression
where only the response variable, Y, is measured with
error (Ludbrook, 2010) because there will always be some
error as well in the X values, even if that method is very
precise. Simple and weighted Deming regression methods
exist (Martin, 2000). If data are heteroscedastic, the
weighted Deming should be applied (Bahar et al., 2017).
The White test demonstrated that some of the data were
heteroscedastic (years 1984, 1988 1998, 2008), the remain-
ing data sets were homoscedastic and analysed with sim-
ple Deming. The weighted Deming regression model used
the jack-knife method to compute the 95% CIs (Linnets
method, Linnet, 1993). Due to the error ratio of the data
being unknown, the default value of 1 was used (Ellsédfier
et al., 2021). The Deming regression was selected as the
most suitable statistical tool for analytical method compar-
ison (Linnet, 1999) when handling large samples of data
pairs with n > 40, and was applied to confirm if the his-
toric and reference values of the same sample may be used
statistically interchangeably. This is only true when the
confidence intervals of the Deming slope and intercept
include one and zero, respectively (Ellséfier et al., 2021),
and hence include both constant and proportional system-
atic errors. Finally, the correlation coefficient for each
compared year should be close to 1.0 (Ludbrook, 2010).
Only if those conditions apply, a conversion factor can be
used to correct the historic soil analysis results for stan-
dardized SOC determination based on one single method
in long-term soil surveys. This conversion, or correction
factor, if applicable, was calculated as the quotient of the
reference and the historic mean SOC.

The scatter plot visualization was customized to
group data points by ‘N fertilizer type’ as no visual evi-
dence of N dose effect was observed. The Bland-Altman
plots and outlier identification were carried out in Excel
2013. Further tests, calculations and plotting were com-
puted in RStudio 1.4.1106, including the weighted Dem-
ing regression models. The packages readxl 1.3.1, dplyr
1.0.7, mcr 1.2.2, Imtest 0.9-39, Ime4 1.1-27.1 and psych

2.1.9 were used. For concordance correlation, the pack-
age cccrm, version 2.1.0 and the method ‘concordance
correlation coefficient estimated by variance compo-
nents’ was used as data were not repeated.

3 | RESULTS

The mean SOC concentration decreased slightly, but not
monotonically, for both comparative data sets over time.
Highest average SOC was measured in 1976 with both
methods, and the lowest average SOC was measured in
2004 using the historic method and in 1994 when samples
were re-analysed. Except for the sampling campaigns in
1976 and 1992, there was high statistical evidence
(p < 0.0001) that the reference and the historic SOC
method resulted in significantly different values (Table 4).
The mean difference in SOC between the historic and the
reference method was highest with 0.89 g kg™ * in 1988 and
2004 and minimal in 1992 (Table 4). Only for the sampling
campaign in 2008, did the original analysis show a higher
mean SOC of 0.17 g kg™ compared with the re-analysis in
2016, although the same elementary analyser was used;
slightly higher historic values were also obtained in 1976
and 1992. We found highly correlated historic and re-
analysed values with Pearson's over 0.80 in most sampling
campaigns, and moderately lower correlations in 1976,
1982 and 2004 (Table 4).

3.1 | Bland-Altman plot

We selected Bland-Altman plots for a single year with no
statistical evidence for differences between methods in
1992 (p = 0.78, Figure 1) and a single year with very
strong evidence for method differences in 2004
(p < 0.0001, Figure 2). In 1992, the Bland-Altman plot
showed evenly distributed differences within the CI
(except for three samples). However, some patterns
emerged in the data. The NPK + Straw treatment mostly
resulted in higher SOC concentrations when the historic
method was used, whereas the NPK + fym1 and NPK
+ fym?2 treatments tended to have higher SOC using the
reference method. In 2004, the Bland-Altman plot
showed that more than half of the re-analysed samples
resulted in SOC concentrations 20% higher than those
produced using the historic method. No clear patterns
were detected regarding the differences for N fertilizer
type, which appeared to be randomly distributed across
the range from 4.5 to 7.0 gkg !, although the NPK
+ fym1 treatment resulted in mostly lower method differ-
ences. In the same way, samples with higher average
SOC showed less differences between methods than
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samples where SOC concentrations were at medium or
low levels. The Bland-Altman plots for the remaining
years can be found in the Data S2.

3.2 | Deming regression

The slope of the Deming regression line was slightly
greater than the 1:1 line for 5 of 11 sampling years
(Table 4, Figure 3) and consistent with the share of sam-
ples obtaining slightly minimal SOC differences between
methods (except for 2004). The slope of the Deming
regression model was far less than 1.0 in 1982, 1986 and
1988 with most samples obtaining higher SOC values

with the reference method. The Deming intercept was
slightly negative in 7 of 11 years but showed an overall
low value except in 2004. The concordance correlation
performed moderately in 1994 and 2008, and was poor in
the remaining years (Table 4).

The CIs of the slope of the Deming regression indi-
cate whether there is a proportional systematic error
between the methods, which increases proportionally
with the magnitude of the predicted value. The 95% CI of
the slope did not include 1 for the years 1982, 1988 and
in 1986 the upper value was only slightly lower than
1. The remaining 8 years were not identified as having
proportional errors between the respective SOC methods.
If the CI for the Deming intercept does not include 0, both
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Year ZeroNPK NPK NPK + fyml  NPK + fym2  NPK +straw . ABLES Coefficientof —

1976 NA (4) 0.80 10)  0.59 (12) 0.34 (11) 0.55 (12) determination (R”) between historic and
reference soil organic carbon method

1982 0.74(7) 053(24)  0.59(24) 0.09 (21) 0.55 (23) grouped according to N fertilizer type,

1984 0.71(4) 046 (16)  0.80 (22) 0.63 (23) 0.68 (24)

1986 047 (7) 077(23)  0.51(21) 0.80 (23) 0.76 (24)

1988 0.85(8) 071(21)  0.84(23) 0.80 (22) 0.65 (21)

1990 090 (7) 0.73(24)  0.85(24) 0.78 (23) 0.48 (24)

1992 0.72(7) 0.61(23)  0.60(24) 0.71 (24) 0.52 (24)

1994 0.91(8) 0.90(24)  0.89 (24) 0.93 (23) 0.81 (24)

1998 0.96 (7) 079(21)  0.87(24) 0.75 (24) 0.81 (24)

2004 0.60 (8) 039(24)  0.60 (24) 0.56 (21) 0.36 (23)

2008 0.79(7) 093(23)  0.86(23) 0.77 (23) 0.74 (24)

Note: Numbers in brackets indicate the number of pairs used for comparison and correlation. Outlier values

and incomplete data pairs were deleted from the data set.

methods differ by a constant amount and a constant
systematic error occurs in one of the methods compared
with the counterpart: this was true for the years 1982
and 2004 and slightly for 1994. When the CI for the
intercept of the Deming regression includes 0, there is
no constant systematic error between the two methods,
which applied for the remaining seven sampling years.
In 1982, the Deming regression depicted an increasing
method deviation with increasing SOC sample concen-
tration. Altogether, the analysis with Deming and Pear-
son’s r revealed six sampling years (1976, 1982, 1986,
1988, 1994 and 2004) with poor correlation, and a con-
stant or proportional error either in the historic or the
reference method, which prevents the application of
correction factors for method alignment over time for
this particular sampling year. For example, the results
for 1982 neither show a one or zero in the slope and
intercept CI, respectively, meaning that method correc-
tion is not appropriate. Under those circumstances, the
identified data set should be excluded from the LTE
time series analysis and cannot be aligned analytically
as it most likely inherits a larger fraction of random
errors that can hardly be corrected. The same applies for
the year 1976 where a much smaller statistical associa-
tion between historic and reference methods was found.
The sampling years 1984, 1990, 1992, 1998 and 2008
were most suitable for method correction and allow an
alignment through coefficients. In 1992 and 2008, the
SOC values obtained with the historic and reference
method were very similar and do not demand a correc-
tion factor. A correction factor of 1.04 in 1984, 1.08 in
1990 and 1.09 in 1998 can be applied to convert SOC
values from the historic to the reference dry combustion
method, which adjusts bias due to both, constant and
proportional errors.

3.3 | Differences in SOC extraction due
to N fertilizer type and analytical method

The alignment between different methods depends on
the physical and chemical composition of soil samples
and appears to be highly affected by fertilizer manage-
ment in the present study. The correlation between his-
toric and reference SOC method was relatively low in
1976 for all organic fertilizer type treatments (Table 5).
For the samples taken between 1982 and 1992 and in
2004, consistently poor correlations were found in the
NPK + Straw samples, and low correlation coefficients
were found for other N fertilizer types in other years. For
example, in 1982 for NPK + fym2 and in 2004 for NPK
(Table 5). In 1986 and 1992, a higher SOC concentration
was obtained using the historic method for most NPK
+ Straw samples, whereas most sample subsets of NPK
+ fym2 showed substantially higher SOC concentrations
using the reference method in 1984, 1986 and 1992
(Figure 3). In 1982, 1984, 1992 and 2004, low correlations
between historic and reference SOC method were
obtained for NPK samples. The sampling campaigns
1994, 1998 and 2008 showered minimum differences in
method alignment according to N fertilizer treatment.

4 | DISCUSSION

4.1 | Data trueness
This study had several possible limitations that should be
considered in the interpretation of results.

Firstly, whilst we focus on the error obtained through
different SOC analytical techniques, within this error will
be any changes caused during the storage of soil samples.
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Storage changes are most likely to be associated with
microbial activity, but we consider these changes to be
small, and they would also be difficult to quantify with-
out setting up an experiment to specifically examine
these effects. The degree of microbial activity in archived
samples has been investigated in previous studies with
varying results. Blake et al. (2000) did not find any
impact on total C during storage for air-dried samples
analysed first in 1959-1964, stored in a daylit room in
lead-sealed or waxed cork-sealed glass bottles and re-
analysed in 1991. However, Wiodarczyk et al. (2014)
found a storage effect on organic C concentration. Soil
samples of different soil types were stored over 25 years
in the Polish Bank of Soil under air-dry conditions and
compared with fresh soil samples taken from the same
site in the year of analysis. SOC of stored and fresh sam-
ples was determined with a TOC analyser and was found
to be lower in stored soils compared with fresh soils,
which authors attributed to continuous CO, release from
stored soils. De Nobili et al. (2006) found similar acceler-
ated CO, evolution in 103-year-old samples from the
Rothamsted archive in contrast to fresh soil samples
taken in an area of the same experiment and stored for
only 2 years. Stored and fresh soil samples were air-dried,
rewetted and subsequently analysed for SOC and micro-
bial biomass activity and resulted in unexpected fractions
of microbial biomass that survived storage (about 20%
with 47 years and 10% with 80 years of storage; De Nobili
et al., 2006). We remark that this increased SOC concen-
tration in freshly taken soil samples for both studies
(De Nobili et al., 2006; Wtodarczyk et al., 2014) is likely
to be related to land use changes and natural C turnover
that took place over decades in the resampled soils, but
not necessarily due to storage conditions. However, in
the current study, soil moisture content was ~1 Vol. % in
the archived air-dried sandy soil samples, which is con-
sidered low enough to minimize microbial activity (West
et al.,, 1992). Also, if archiving and storage time would
play a role for this set of samples, a deviation from the
1:1 line in a regular form, getting larger over time in one
direction, would have been found, which is not the case
(Figure 3).

Secondly, the information about discrepancies between
SOC methods (Table 1) was collected to the best of our
knowledge using the institutional laboratory's method doc-
umentation archive, but detailed information was lacking.
For example, no detailed records were available on year-by-
year historic sample archive conditions (e.g., temperature,
humidity), as well as missing in-depth information for
occasional soil sample survey years regarding field sam-
pling design or particular laboratory analysis parameters
(e.g., operator, soil moisture content of air-dried samples,
sample weight). These are commonly reported weaknesses

of LTE data collection inventories (Berti et al., 2016; Richter
et al,, 2007). It is strongly recommended that LTE data
holders accurately collect and provide information on ana-
lytical methods (including lab protocols) as the experiments
last for long periods during which laboratory techniques
will most probably change (Paustian et al., 1995). This is
very likely with the fast progress in automation, digitaliza-
tion and technological development (Bergh et al., 2022;
Dematté et al., 2019; Smith et al., 2020). We encourage LTE
managers to ensure that the collected analytical method
information corresponds to a unified and standardized cat-
alogue such as those suggested by the GLOSOLAN initia-
tive (FAO, 2019) or the BonaRes LTE fact sheets (Grosse
et al., 2019).

Although we identified groups of soil sampling years
where identical SOC methods were used, individual
years often showed different statistical outcomes. This
was particularly evident for Method Group A (Table 1),
which included 7 of 11 re-analysed sampling years. Con-
siderable differences between the historic and reference
method accordance values were found between years,
with no clear trends being detectable (Table 4). As his-
toric soil samples were sieved at <2 mm and re-analysed
without further sieving prior to analysis, pre-treatment
effects were estimated to be minimal. In addition, all
samples were milled prior to analysis to guarantee a
homogenous analyte, thus reducing further sources of
error.

As described in Section 3.2, only 5 soil sampling sur-
veys of 11 campaigns allowed the application of a correc-
tion factor, and those sampling years were represented by
years in different method groups and varied in their cor-
rection coefficient. This outcome underpins the challenge
researchers’ face to use and evaluate LTE soil data for
time series analysis when methods have changed. Uni-
versal correction factors exist but have been mainly
applied to SOC method changes to convert from wet oxi-
dation to dry combustion (Shamrikova et al., 2022; Tivet
et al., 2012). However, no SOC correction factors were
needed in Blake et al. (2000) as the authors found very
good alignment between the acidified dichromate
method (Walkley-Black) and the Roboprep CN analyser
(Europa Scientific Ltd, Crewe, England), although they
included only 27 LTE samples. Within different dry com-
bustion methods, correction coefficients are rarely used.
As highlighted by Lettens et al. (2007), it is not recom-
mendable to use universal correction factors. This is in
accordance with our findings: in some years corrections
factors can be applied, in others not. In the sampling
campaigns where correction factors can be applied, they
differ from year to year. Site- and year-specific correction
factors would be the best strategy to improve data quality,
but this is only possible for re-analysed LTE samples or
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frequently provided proficiency results by the soil labora-
tory when SOC methods change over time, which is rarely
done (Rayment et al., 2000). It is also a reasonable ques-
tion to ask whether the use of correction factors is wise if
we barely understand the changes to SOC that may occur
during archival storage as previously discussed, again
demonstrating the importance of re-analysis of samples if
methodologies change over time. Data trueness is required
by modellers who strive to obtain the ‘truest value’ possi-
ble for SOC dynamic modelling (Berti et al., 2016). As soil
LTE data are often used for model calibration and up-
scaling purposes, an accurate assessment is indispensable
for the determination of SOC dynamics (Post et al., 2008).
Errors in the input data of soil parameters derived from
different standard soil methods will lead to higher model
parameter uncertainty. Billings et al. (2021) draw attention
to an advanced understanding of SOC dynamics across
environmental gradients if laboratory methods would be
standardized.

If correction factors were to be used, we have demon-
strated that the SOC concentration differences between
dry combustion methods appear to result in lower correc-
tion factors than those correction factors applied for con-
version from wet to dry combustion methods. Dry
combustion in oxygen at temperatures above 1000°C will
typically oxidize all soil organic compounds (Shamrikova
et al., 2022). Chatterjee et al. (2009) also summarized the
importance of temperature for dry combustion for com-
mon elementary (auto-) analysers between 950°C and
1200°C. Dry combustion methods in the current study
were carried out at different temperatures. In 1988,
according to lab standard TGL 25418/04 (Table 1), the
combustion temperature was 1050°C, but the re-analysed
combustion of archived samples of the same year reached
only 950°C (Table 1). All samples had higher SOC con-
centration with the lower combustion temperature of the
reference method being the year with major SOC differ-
ences between methods (Figure 3). From 1994 to 2004,
analyses at FAL were carried out at 1350°C with a CNS-
2000 analyser, the combustion temperature for the re-
analysed samples at ZALF during this time was again
950°C (Table 1). However, for this Method Group B, the
clear increase in SOC concentrations due to lower com-
bustion temperature of the reference method was only
detected in 2004 and to a lesser extent in 1998, but not in
1994 with very similar SOC concentrations for both
methods. Hence, we did not find a clear temperature
effect across different methods and cannot provide any
evidence that lower combustion temperatures were less
effective. High temperatures improve and facilitate the
combustion of carbonates. Therefore, higher SOC values
may be determined at higher temperatures than at lower
temperatures for soils containing carbonates (that does

not apply for the LTE samples that are carbonate-free) if
pre-treatment to remove carbonates is not undertaken.

Straw and root material leftovers in poorly sieved or
highly enriched crop residue soils (e.g., LTE soil samples
under conservation agriculture) provide disproportionate
C input that may overestimate the actual SOC (Ge
et al., 2021). Straw amendment in form of organic fertil-
izer source, as present in the studied LTE, decomposes
and turns into particulate organic matter pools, which
remain in the <2 mm sieved fraction, being sensitive to
sample processing and subsequent analysis of C (Yan
et al., 2022). This study has been unable to demonstrate a
clear trend towards increased or decreased SOC concen-
trations with one or the other method when looking at
increased portions of organic material through straw or
manure inputs because LTE treatments showed varying
inconsistent correlations (Section 3.3, Table 5). The gradi-
ent of soil aggregation caused by stable chemical organic
compounds was found to reduce SOC recovery with wet
oxidation methods (Diaz-Zorita, 1999). Forest soils, for
example, have a larger proportion of macroaggregates in
the top soil layer compared with agricultural soils that
may protect the SOC contained against Walkley-Black
oxidation (De Vos et al., 2007; Lettens et al., 2007). How-
ever, our data do not support any specific trend between
fertilizer type (and hence organic compound alteration)
and method bias. Apart from the soil sample composition
caused by organic material like straw and root residues,
soil type was found to affect method-dependent SOC
extraction. De Vos et al. (2007) reported a strong correla-
tion between SOC recovery percentage (ratio of Walkey-
Black wet digestion and total organic carbon analyser
SOC result) and soil textural classes. Recovery was higher
by 3%-8% in sandy soils than in loam and silt-loam soils.
Also, Lettens et al. (2007) found higher recovery of SOC
in sandy soils compared with silt loam. Hence, the high
recovery and small correction values in the present study
capture a favourable situation for sandy soils, but might
result in lower method alignment or even SOC overesti-
mation in silty or clayey soils, requesting to account for
clay content when SOC is determined with the loss-on-
ignition approach (Jensen et al., 2018).

One further potential source of error that was not
considered in this study because of poor record keeping
is how dependent sample size was on the accuracy of the
result. Within the different methodologies used (Table 1),
soil weights between 200 and 500 mg were used. The
weight of sample used is important as Shamrikova et al.
(2022) summarized: the accuracy of dry combustion ana-
lytics increases with increasing SOC concentration of the
analyte. Hence, low soil C levels in the present study are
more proximal to the minimum detection limit (Gazulla
et al., 2012) and therefore may result in higher analytical
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variability, which conforms with Horwitz's trumpet that
shows an increasing coefficient of variation with decreasing
analyte concentration (Workman & Mark, 2006). This is
important to consider when small SOC changes (e.g., after a
short period of time between two soil sampling events) and
variable carbon pools and fractions are investigated (Jandl
et al., 2014). Again, the potential error associated with using
different sample weights with different methods over time
would be minimized by re-analysis using the same method,
justifying the financial cost, as it would minimize laboratory
bias due to method change. Therefore, these are reasons to
encourage the implementation, extension and continuation
of well-documented, standardized and easily accessible soil
archives. Soil sample archives provide an invaluable tool for
understanding long-term soil changes (Bergh et al., 2022), if
established properly, for example, being fire-resistant and
lockable (Ayres, 2019).

4.2 | Relevance for LTE treatment

trends

Regular soil sampling campaigns for SOC are relatively
common in LTE and face the challenge to be reliably
interpretable if method changes occurred over time with-
out reporting them in detail. This becomes even more crit-
ical when soils were only sampled once during the course
of the LTE, which was regrettably found to happen quite
frequently (Davis et al., 2018). The present study demon-
strates the extent that methodologies may impact results
over more than 30 years and 11 individual soil sampling
campaigns. In addition, Korschens et al. (2013) highlight
the need of SOC comparisons over many years to obtain
detailed SOC behaviour, particularly as a result of agro-
nomic management changes, which may impact soil
organic matter pools differently (Roper et al., 2019).

The difficulties for reliable interpretation of SOC con-
centrations over time, due to SOC method changes,
become obvious in Figure 4. Three contrasting treatments
were selected to show how the SOC time series developed
over 32 years for the studied LTE. It is apparent that due
to methodological changes we may draw unrealistic con-
clusions from the data, if examined at various points in
time. Firstly, we look at the Zero NPK treatment. It must
be noted that the SOC of Zero NPK in 1976 was only
measured with the historic method as no sample mass
was left for re-analysis (Figure 4), so we are not sure of
the error the re-analysis would have shown. However,
the other two treatments analysed this difference of the
first sampling year, which was small. Solely looking at
2008, one might conclude that there are no differences at
all between methods. Considering only 2 years for a SOC
trend determination, for example, 1994 and 2008 in the

NPKpgn treatment, would have led to the assumption
that no SOC alteration occurred over 15 years. However,
considerable differences were noted in 1988 when the
historic method indicated a decrease in SOC for all three
treatments, but the re-analysed SOC resulted in an
increase (fertilized treatments) or maintenance of SOC.
Similarly, in 2004, the historic method obtained lower
SOC values than in the previous sampling year 1998,
whereas re-analysed samples increased (NPK + Strawygy,
Zero NPK) or did not change (NPKp,p) in their SOC con-
centration. Figure 4 clearly proves our point to study long
periods and to conduct frequent samplings for SOC
trends, which is of outstanding importance to monitor
SOC changes expected through agronomic management
practices. In most sampling years, fertilized treatments
resulted in higher SOC when they were analysed with
the reference method. In samples with overall lower SOC
concentration (Zero NPK), differences between analytical
methods were less conclusive and even absent in six sam-
pling years. The variability of SOC between treatment
replicates (n = 8 in fertilized treatments) appeared lower
with high mineral NPK, whereas low organic straw fertil-
ization showed higher variation between samples for
both, the historic and the reference method. Generally,
method differences were quite considerable in 1998 and
2004 when soil samples were analysed in a different soil
laboratory in Braunschweig, which were than analysed
again in ZALFs central lab since 2008. Although we do
not have current ring proficiency tests for both laborato-
ries, we advise that laboratory shifts should be avoided in
LTE studies.

The current study does not provide an agronomic eval-
uation and statistical data analysis of the LTE and its
respective fertilizer treatments (ongoing work by Barkusky
et al., unpublished). However, we wanted to highlight that
small annual differences in SOC concentrations may not
result in practical significance and agronomic relevance
for short time windows. The bias due to method changes
is important and is highly relevant for SOC stock calcula-
tions, especially at the global scale. The methodological
differences in sampling, sample preparation, uncertainties
in calculating carbon stocks with regard to different tilling
depths and bulk densities, and the precision of the labora-
tory analysis may have a considerable effect on results and
trends (Goidts et al., 2009; Korschens et al., 2013) and
make global comparisons of land use change almost
impossible (Beillouin et al., 2022). Guo and Gifford (2002)
conducted a meta-analysis of 537 observations of SOC in
74 studies exploring land use change and found that the
diverse (mostly analytical) measurement methodologies
limited the authors' conclusions to ‘working hypotheses’.
This was also criticized by Lee et al. (2009) who claimed
that the quantification of soil C stocks can be biased,
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leading to over- or underestimate SOC changes in response
to land use or management. However, most of the meta-
analyses that summarize the impacts of agricultural man-
agement on SOC stocks and sequestration rates do not con-
sider discrepancies in analytical methodologies for the
original SOC values (Bai et al., 2018; Beillouin et al., 2022;
Sun et al., 2020). Additionally, determination of bulk density
on a regular basis is rarely done in LTE and further skews
scientific conclusions on long-term SOC stock changes.
Although BD measurements involve additional sampling
errors and/or method inaccuracies (Kulmatiski &
Beard, 2004), regular measurements of BD in this LTE were
lacking, which will also increase the uncertainties in SOC
stock changes (Walter et al., 2016).

To improve the handling and management of sam-
ples and data coming from LTE, several key recom-
mendations are provided, which could, if implemented,

solve analytical method change bias in the future and
would allow more robust SOC data interpretation
from LTE.

A checklist for LTE site managers and LTE soil data
users to improve SOC monitoring:

« Develop (internationally) standardized and meticulous
protocols for sampling strategy (design, depth and tim-
ing), storage and analytical method

« Regular request of results from soil laboratory profi-
ciency testing (‘ring-tests’) and avoidance of laboratory
change

« Provision of year- and method-specific correction fac-
tor after each method change if applicable

« Soil archive with controllable air conditioning and/or
stable room temperature and humidity as essential
LTE infrastructure
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« Commitment for periodic bulk density measurements
to calculate carbon stocks

It is likely that many other studies and experiments
measuring SOC change over long timescales might not
have the same documentation that would be expected
from a LTE. The dilemma of analytical method changes
goes beyond LTEs and should be addressed in any study
during planning, implementation and execution of soil
sampling campaigns as a later evaluation of bias will be
very limited.

5 | CONCLUSIONS

This study provides a guideline of statistical tools and rec-
ommendations to lower the hurdle of changes in analyti-
cal soil methods in LTE. We have shown that the
Deming regression and Bland-Altman plots can be
applied for reliable detection of method differences, but
that the Pearson's correlation alone is not a robust statis-
tical tool to decide on the suitability of correction factors
to convert from one method to another. This study high-
lights the need to focus on the accuracy of laboratory
analyses for chemical soil properties. Although concen-
tration differences in SOC with different methods may
appear small for a single soil sample, the discrepancies
may increase at larger spatial and temporal scales (land
use trends and global stocks) along with the potential for
misinterpretation. Finally, the results of this study rein-
force the fact that laboratory error is just one out of many
error sources and uncertainties of SOC are most likely
accumulative over time.
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