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Abstract

Simple humus balance calculators were developed for farmers and consultants
to determine the best crop rotation and amount of organic fertilizer required
to improve soil quality and prevent nutrient leaching in croplands. Although
the potential of these tools to infer the impact of different agricultural practices
on soil organic carbon (SOC) dynamics in croplands is not well studied, they
have been integrated in several farm-level climate or environmental impact
assessment calculators. Here we examine the correlation between humus bal-
ance values estimated with two different tools developed in Germany/Central
Europe and observed changes in SOC content at 14 long-term sites in
Switzerland. The first tool was developed by the Association of German Agri-
cultural Investigation and Research Institutes and is referred to as the
VDLUFA. The humus balance calculator STAND is a descendent of the
VDLUFA that accounts for pedoclimatic factors in Central Europe. Crop rota-
tions were distinguished based on cultivation practice, whereby those with
mixed fertilization were supplied with mineral fertilizer alone and in combina-
tion with organic materials, while those with organic fertilization include
unfertilized and organic fertilizer treatments. An analysis of 133 short-term
observations (i.e. individual crop rotations of five and 6-year duration) and
26 long-term observations (i.e. several crop rotations with a total duration of
>10 years) showed that humus balance values (kg C ha™' year ') of short-
term crop rotations were not or only poorly correlated with the observed
change in SOC content (%) (R* = 0.06 in STAND and R*> = 0.05 in VDLUFA
for crop rotations with organic fertilization, and R* < 0.01 for crop rotations
with mixed fertilization). The correlation did not improve when the humus
balance values of long-term observations with mixed fertilization were com-
pared with decadal SOC development (R* = 0.04 for STAND and R*> = 0.06 for
the VDLUFA). Stronger correlations were found only for long-term
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1 | INTRODUCTION

Mitigating climate change and achieving food security
necessitates the identification and implementation of
agricultural practices that build humus and ultimately
promote soil carbon sequestration in arable environ-
ments (Griscom et al., 2017; Lal, 2011). Humus, or soil
organic matter (SOM), is composed of plant and animal
residues at different stages of decomposition. Since SOM
contains approximately 50% carbon (Pribyl, 2010), the
maintenance and enhancement of the soil's humus con-
tent is vital for the promotion of soil carbon sequestra-
tion, which is defined as a net atmospheric carbon
dioxide (CO,) reduction through a soil carbon increase
(whereby organic carbon input is greater than organic
carbon output in the specific soil) (Fuss et al., 2018;
Smith, 2016). To estimate potential increases in carbon
storage in arable soils, soil models of different complexity
were integrated in farm-scale environmental impact
assessment tools (Paustian et al., 2016). These soil models
use empirical equations to relate regional climate, land
use and farm management parameters (and other factors
depending on the quality of available data) and evaluate
changes in SOM or soil organic carbon (SOC) (Hani
et al., 2003; Hillier et al., 2011; Paustian et al., 2017). This
strategy helps to inform on the effects of agricultural
practices on humus content or SOC stock over time
and guides farmers in implementing climate protection
measures.

As global interest to promote SOC storage in croplands
increases due to their CO, removal potential, members of
the public and private sectors have begun to provide finan-
cial incentives for farmers who increase soil carbon
(Soussana et al., 2019; USDA, 2016). However, measuring
humus buildup or carbon sequestration in arable soil is
difficult due to high spatial and temporal variability and
methodological challenges (Lal, 2018; Paustian et al., 2019;
Smith et al., 2020). For example, direct measurements,

observations with organic fertilization (R*> = 0.68 for STAND and R* = 0.64 for
the VDLUFA). These findings underline that while the studied humus balance
calculators are able to distinguish the effect of different fertilizers (organic
vs. mineral) on a farm's humus supply on the longer term, neither are suited
for predicting SOC trends over single crop rotations. Although this study was
carried out in Switzerland, the results should apply to any region with temper-
ate climate and similar soil properties.

agricultural environmental assessment tools, organic amendments, soil carbon
sequestration, soil organic matter

Highlights

« Humus balance values calculated over 5-
6 years were not correlated with observed
changes in SOC.

+ Logical interpretations of humus supply evalu-
ations do not always align with observed SOC
trends.

« The two simple humus balance methods per-
formed similarly at numerous sites.

« Simple humus balance methods are not suit-
able tools for assessing SOC development.

remote sensing and soil modelling techniques are used in
existing protocols to measure and monitor changes in SOC
stock (Paul et al., 2023), and each offers unique advantages
and disadvantages. Direct measurements methods are the
most reliable, but on-site measurements can be expensive
and time intensive, particularly for large areas. Remote
sensing techniques are more cost-effective; however, the
accuracy and applicability of remote sensing data at high
spatial and temporal resolutions depend on specific envi-
ronmental conditions and available resources. Soil models
are also cost-effective and readily available to most users,
but models range widely in their complexity and associ-
ated uncertainties. Carbon credits can be issued using one
or a combination of these techniques, and soil models in
particular are already in use by public and private certifi-
cate providers in Australia, Europe and the United States
(Black et al., 2022; Oldfield et al., 2022; White et al., 2021).

Collectively, soil models are independent calculators
that have been created to aid scientists, farmers, consul-
tants, governmental agencies and other stakeholders
assess the impact of agricultural practices on important
parameters such as SOM and SOC (Heil et al., 2022;
Kwiatkowska-Malina, 2018; Murindangabo et al., 2023).
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Mechanistic SOC or ecosystem models such as the
Rothamsted Carbon model (RothC), the Candy Carbon
Balance model (CCB), the Introductory Carbon Balance
Model (ICBM) and CENTURY are based on first-order
kinetics that quantify change in soil carbon stock
(Andrén & Kitterer, 1997; Coleman & Jenkinson, 1996;
Franko et al., 2011; Parton et al., 1987). In comparison,
humus balance calculators provide assessments of a
farm's humus supply using comparatively simple
methods. These tools aim to support sustainable agricul-
tural practices and climate adaptation by evaluating the
best crop rotation and organic fertilizer combinations
required to maintain optimal soil function (Kolbe, 2010;
Korschens et al., 2004).

As the aim of the mechanistic models and the simple
humus balance methods differ, the application of each
approach is dependent on their respective capabilities
and limitations. Mechanistic models provide more accu-
rate calculations of SOC stock, but they have a higher
requirement for input data and technical expertise. This
renders them nonviable for use by farmers and limits
their application in farm and/or plot level assessments to
instances in which sufficient data are available. Simple
humus balance calculators do not have a high demand
for site-specific data, and qualitative evaluations of the
humus supply in agricultural plots can be determined
without the use of a computer; however, quantitative
assessments of humus content are beyond the scope of
simple humus balance methods (Brock et al., 2013;
Ebertseder et al., 2014). Overall, the effectiveness of com-
monly used mechanistic models and simple humus bal-
ance methods have been evaluated in a few scientific
studies, and they were found to be satisfactory advisory
tools for arable soils (Brock et al, 2012; Dechow
et al., 2019; Franko et al., 2011; Kolbe, 2005).

The method developed by the Association of German
Agricultural Investigation and Research Institutes
(VDLUFA) and its ‘standortangepasster’ (STAND) or
site-adjusted descendant are the most widely recognized
humus balance models in Germany, Austria and
Switzerland (Brock et al., 2013). These humus balancing
approaches are derived from the ‘natural soil potency’
concept, whereby arable land use is divided into different
categories that relate to the improvement or degradation
of ‘soil potency’ (Feller et al., 2003). According to this
principle, humus balance is defined as the difference
between coefficients that represent the humus supply
(the amount of humus added to the soil from organic fer-
tilizers and crop residues) and the humus demand (the
depletion of humus) of a crop rotation (Equation 1).

humus balance = humus supply - humus demand (1)

The resulting humus balance is then assessed for the
risk the agricultural practice poses to soil productivity
and nutrient leaching (Kolbe, 2005, 2010). The same eval-
uation criteria are used for the VDLUFA and STAND
humus balance models; however, differences in the
parametrization of each method leads to particular
strengths and weaknesses. For example, the VDLUFA
humus balance calculator can be applied when site-
specific factors are unknown because the model’'s humus
reproduction coefficients are specified in accordance to
the crop type and the material composition of the organic
fertilizers (KoOrschens et al., 2004). However, this
approach may not be suitable for sites with distinct attri-
butes since all sites are treated equally within the model,
as climatic and environmental factors are not considered.
Conversely, STAND uses a site-adjusted approach in
which the crop-related humus supply and demand coeffi-
cients are characterized based on the effect of five soil
and climatic factors on SOM turnover (Kolbe, 2010).
STAND also accounts for variations in the humus contri-
butions of organic materials by adjusting the humus sup-
ply coefficients based on supply level (Kolbe, 2010).
These improvements have led to the implication that
STAND can better identify the impact of agricultural
practices on SOM (Kolbe, 2007; Kolbe & Zimmer, 2015).
However, it is difficult to apply STAND when the five
defining site-specific parameters are unknown, or when
one is uncertain about the material composition of the
organic fertilizer additions.

The VDLUFA humus balance method has been veri-
fied using data from Central Europe including a site from
Switzerland (Kolbe, 2005). However, the validity of
VDLUFA for Switzerland is somewhat uncertain because
the tool was developed using data from Eastern Germany
where precipitation rates are lower than in Southern
Germany and Switzerland (https://www.dwd.de/DE/
klimaumwelt/klimaatlas/klimaatlas_node.html). STAND,
however, is clearly stated as a tool to be applied in Cen-
tral Europe. Nonetheless, a controversial shortcoming of
the VDLUFA and STAND humus balance calculators is
that the evaluation criteria employed by both models to
interpret a farm's humus supply has not been validated
(Brock et al., 2013). This indicates a need to examine the
extent to which the VDLUFA and STAND humus bal-
ance outputs can infer changes in SOM and/or SOC con-
tent for a range of agricultural practices.

Simple humus balance calculators, specifically the
VDLUFA and STAND, are the focus of this study because
they have been integrated into environmental impact
assessment tools that perform farm-level evaluations of
greenhouse gas (GHG) emissions and SOM change (Hani
et al.,, 2003; Oberholzer et al., 2006). For example, the
Swiss Agricultural Life Cycle Assessment Future
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(SALCA-Future) tool (Nemecek et al., 2024) includes a
development of the humus balance method developed by
Neyroud et al. (1997) that integrates initial SOM content
and a mineralization coefficient in its evaluation of the
impacts of agricultural practices on soil quality
(Oberholzer et al., 2006). The Arbeitsgruppe Berech-
nungsstandard fiir Einzelbetriebliche Klimabilanzen in
der Landwirtschaft, which stands for the ‘Calculation
standard for single-farm climate balances in agriculture’
tool (hereafter referred to as BEK) allows interested
parties to conduct and compare GHG calculations at the
farm-scale (Arbeitsgruppe BEK, 2021). Humus changes
are evaluated within the BEK tool according to the
VDLUFA humus balance model (Arbeitsgruppe
BEK, 2021). The VDLUFA method is also included as a
module in the Response-Inducing Sustainability Evalua-
tion (RISE) tool which examines the economic, social
and environmental sustainability performance of agricul-
tural production at the farm level (Hani et al., 2003).
Since its inception, RISE has been used on over 4500
farms in 60 countries (Thalmann et al., 2022). Similar to
the humus balance methods themselves, these environ-
mental impact assessment tools can be used by farmers
(and not only scientists), which makes them further
applicable in agroecological farming and builds on the
empowerment of farmers and the co-creation of knowl-
edge. However, to date, there is insufficient testing of the
accuracy and practicality of the VDLUFA humus balance
method, and it remains unclear if the site-adjusted
STAND method outperforms the VLDUFA. Therefore, it
is imperative that there is clarity about the limitations
and potentials of these popular humus balance methods,
and that this knowledge is widely available.

Here, we aim to assess the correlation between the
humus balance values determined by the VDLUFA and
STAND methods and observed changes in SOC content
at 12 long-term soil monitoring sites (cropland) and two
long-term experiments in Switzerland. We will also dis-
cuss (1) the extent to which these humus balance
methods can inform on soil carbon changes and (2) the
way forward with decision-support tools for climate
smart farm management strategies.

2 | MATERIALS AND METHODS

2.1 | Description of sites, agricultural
practices and soil organic carbon
measurements

Farm management practices and soil organic carbon data
were gathered from a total of 14 different sites in
Switzerland: two long-term experimental cropland sites,

DOK (D: biodynamic, O: bioorganic, K: conventional;
Krause et al., 2022) and p24A (Maltas et al., 2018), and
12 long-term soil monitoring sites (on cropland) from the
Swiss National Soil Monitoring Network (NABO; Gross
et al., 2021; Gubler et al., 2022). The NABO sites are not
experimental fields and are managed by independent
farmers. As such, these sites represent agricultural man-
agement and soil development under practical conditions
in Switzerland. Overall, the 14 sites represent a range of
soil (soil clay content 5.8%-59.0%) and climate conditions
in Switzerland (mean annual temperature 8.5-11.7°C
and precipitation 840-1528 mm).

Precise descriptions of the two long-term field experi-
ments (DOK and p24A) and the 12 NABO's sites and
operations have been published in numerous works (see
above). Briefly, the DOK experiment has a split-split-plot
design with eight treatments and four replicate plots for
each of the three subplots A, B and C, which represent
different cultivated crops, while the p24A experiment
has a split-plot experimental design with six main treat-
ments and four replicates for each of the four sub-
treatments that represent different levels of mineral
N-fertilization. The DOK and p24A experiments each
consists of 96 experimental plots, which are 5 x 20 m at
the DOK site and 4.5 x 20 m at the p24A long-term
experimental site. In this study, we focused on the eight
treatments in subplot A of the DOK experiment. The
NABO monitoring sites each are represented by a
10 x 10 m sampling plot.

The examined crop rotation variants are representa-
tive of a range of agricultural practices in Switzerland.
The length and composition of crop rotations and the
type and amount of applied organic fertilizer varied
among sites, and at some sites, between crop rotations
over time. Table 1 summarizes the survey period, length
of the short-term observations, site group categorization
in the STAND model and the number of crop rotation
variants examined in this study. Crop rotations were
composed of different assemblages of cereal and oil crops
(wheat, barley, triticale, rapeseed and sunflower), root
crops (beetroot and potato), maize (silage and grain),
grain legumes (soybean and protein pea) and temporary
grasslands (grass-clover ley). In addition to the main
crops, specialty crops (onion, strawberry and carrot) and
secondary crops (intercrops) were cultivated in some crop
rotations.

In this study, the agricultural cultivation practices are
defined based on the use of mineral fertilizer. Crop rota-
tions with organic fertilization are characterized as those
that are either unfertilized or those that exclusively use
organic materials, while crop rotations with mixed fertili-
zation consist of mineral treatments that are applied
alone and/or in combination with organic amendments.
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types and organic amendment additions) is given in the main text.
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Brief description of the crop rotations at the 14 long-term sites examined in this study. More detailed information (e.g. crop

Length of crop STAND site group Number of crop
Site name Examined period rotations (years) classification rotation variants (n)
DOK 1982-2017 5 48
NABO 1 1986-2010 5 4 5
NABO 2 1989-2013 5 3 5
NABO 3 1985-2009 5 5 5
NABO 4 1988-2012 5 5 5
NABO 5 1988-2012 5 6 5
NABO 6 1988-2012 5 5 5
NABO 7 1988-2012 5 5 5
NABO 8 1988-2002 5 5 3
NABO 9 1986-2010 5 2 5
NABO 10 1988-2012 5 3 5
NABO 11 1986-2012 5 5 5
NABO 12 2000-2009 5 2 2
p24A 1976-2004 5and 6 5 30

The p24A site consists of numerous organic fertilizer
treatments, while the DOK site includes a mineral fertil-
izer treatment and multiple organic fertilizer treatments.
All of the NABO sites use mineral and organic fertilizers,
with cattle manure, cattle slurry and green manure being
the most commonly applied organic amendments.
Sampling of the topsoil (0-20 cm) and SOC content
measurements were determined differently at the long-
term sites. At the DOK site, a composite sample was col-
lected from 15 to 20 soil cores from each of four experi-
mental plots per treatment following the annual crop
harvest using a 3 cm diameter corer. Krause et al. (2022)
reanalyzed the archived soil samples using a Vario Max
Cube equipped with a thermal conductivity detector
(Elementar Analysensysteme, DE), in which SOC was
determined as the difference between total soil carbon
and inorganic carbon determined in 1 g subsamples. At
the p24A site, a composite sample of 10 cores (3 cm
diameter) was collected from each of the six treatments
after the wheat crop harvest every 6 years. Soil organic
carbon was then measured according to the Swiss stan-
dard methods which involved a modified potassium
dichromate oxidation procedure using hot sulfuric acid
(FAL et al., 2011). At the NABO long-term soil monitor-
ing sites, four composite soil samples were collected from
25 cores (2.5 cm diameter) each in 5-year intervals and
archived. SOC analyses were performed on the four com-
posite samples either by dry combustion with an elemen-
tal analyser (Elementar Analysensysteme, DE) or by wet
oxidation and retitration of potassium dichromate

(FAL, 1996). To allow comparison of the SOC results at
the p24A and NABO sites, respectively, Keel et al. (2019)
and Gubler et al. (2018) recalculated the results of the
wet oxidation method to that of dry combustion method
using site-specific conversion factors.

2.2 | Humus balance methods and
outputs

The humus balance values of short-term (5 and 6 years in
length, n =133) and long-term (>10years in length,
n = 26) observations were determined in Microsoft Excel
based on the VDLUFA and STAND humus balance
methods. Here, short-term observations refer to singular
crop rotations and long-term observations represent all
crop rotations of individual plots within the sampling
period at a particular site. Both models consist of coeffi-
cients that represent the humus reproduction perfor-
mance of different crops and organic materials.
The humus balance value is calculated as the average of
the humus reproduction coefficients of the cultivated
crops and organic material applied during a crop rotation
(Equation 2), and is measured in units of humus equiva-
lents (H&dq, which is equal to 580 kg humus-C, Korschens
et al., 2004): where C represents the positive (humus sup-
ply in kg humus-C ha™') and/or negative (humus
demand in kg humus-C ha™") coefficient of the crops cul-
tivated in a crop rotation, O is the humus supply coeffi-
cient for organic material(s) applied during a crop
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rotation (in kg humus-C t1), I the input amount of
organic amendment(s) (t ha—') and L the length of the
crop rotation (in years). The humus balance values are
expressed in kg humus-C ha™' for an entire crop
rotation.

Organic
crops amendments
im1 Cit D pey Or x I

Humus balance value =

L

)

The VDLUFA outlines two sets of reference values for
the humus coefficients of crops, the lower and upper
values, which are applied based on the farm's cultivation
practice and soil condition (Asmus & Herrmann, 1977,
Leithold et al.,, 1997). The lower values are used in
instances in which the crop rotations with mixed and
organic fertilization are conducted on farms to maintain
good soil condition and function, while the upper values
are applied for soils in poor condition and for agricultural
practices that have a high humus requirement (Table S1;
Korschens et al., 2004). In the VDLUFA model, each set
of crop-specific humus reproduction coefficients was
derived based on assumptions of the estimated humus
supply or consumption by the crop throughout its growth
under average soil and climatic conditions, and the spe-
cific set of humus reproduction coefficients is applied to
all areas. STAND builds upon the lower VDLUFA crop-
specific humus reproduction coefficients and adjusts
these values for different locations by incorporating the
effects of five site-specific parameters on SOM formation
(Table S1). These soil and climate parameters include soil
type, soil fine fraction percentage, soil carbon to nitrogen
(C/N) ratio, annual mean temperature and precipitation
(Kolbe, 2010). The German soil textural classification sys-
tem (‘Bodenartendiagramm’) serves as the foundation
for the soil type and fine fraction percentage parameters.
This system defines the particle size of silt and sand dif-
ferently from the methods used at the long-term sites.
Therefore, the locations for the long-term sites were
determined based on soil C/N ratio, the two climate
parameters and the clay specifications for soil type and
fine fraction percentage. The 14 long-term sites represent
five of the six site group categories in the STAND model.

The humus reproduction coefficients for organic
amendments also differ between the VDLUFA and STAND
humus balance models (Table S2). In the VDLUFA, these
coefficients are specified based on the type and dry matter
content of the organic material, while STAND adjusts the
humus reproduction coefficient for organic amendments in
accordance with the applied amount of the organic fertil-
izer (Kolbe, 2012). Within STAND, the humus coefficients

for organic materials decrease as the fertilization amount
increases (Kolbe, 2010).

It is important to note that although the humus
equivalence unit for humus reproduction coefficients is
usually converted into kilograms of humus carbon per
hectare per year (kg humus-C ha ' year!) as is done in
this study, the VDLUFA and STAND humus balance
methods do not have a quantitative link to soil humus
stocks and therefore do not directly reflect changes in the
SOM. For all crop rotations, the humus balances were
calculated using the site-specific STAND values and the
lower values of the VDLUFA method because crop rota-
tions with both mixed and organic fertilization are
applied to soil in good condition at the long-term sites
examined in this study (Tables S1 and S2). The humus
balance values were then compared with the change in
SOC content in the topsoil (uppermost 20 cm of the soil)
between the beginning and end of the crop rotation.

The VDLUFA- and STAND-derived humus balance
values were assigned to one of five humus supply groups
(A-E) which evaluates the sustainability of the crop rota-
tion and fertilizer use (Kolbe, 2008; see Table S3 for an
example of VDLUFA and STAND determinations).
Humus supply groups A and B represent very low and
low humus levels, respectively, which can harm soil pro-
ductivity over time. This means that the amount of
organic matter that is added to the soil either through the
growth of humus building crops or the application of
organic amendments is too low relative to the amount
of organic matter that is removed from the soil through-
out a crop rotation. Humus supply group C represents a
balanced, or optimal humus supply, while groups D and
E denote high and very high humus supply levels, which
pose an increased risk for nutrient leaching. The thresh-
olds of the humus supply groups differ based on the crop
rotation's fertilization scheme (organic and mixed).
Within each model, crop rotations in the organic fertiliza-
tion category are defined based on absence of applied
mineral fertilizer; this includes control treatments that do
not receive any fertilizer. Conversely, crop rotations with
mixed fertilization are characterized by the use of min-
eral fertilizer, either independently as solitary mineral
fertilizer treatments or in combination with organic
amendments.

2.3 | Data analysis

Statistical analyses and graphical representations were
performed in R (R Core Team, 2022). The humus balance
of short-term observations (i.e. single crop rotations of
5 or 6 years) and long-term observations (i.e. several crop
rotations with a total duration of >10years) were
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conducted separately. Soil organic carbon measurements
for each year is represented as the mean of replicate treat-
ment plots at the long-term experimental sites (n =8,
DOK; n = 6, p24A) and the mean of one to four compos-
ite samples collected at each of the 12 NABO monitoring
sites (n = 12 for all of the NABO sites). We quantified
standard errors of the SOC changes (SE,) using Equa-
tion 3 to account for error propagation. The standard
error of the first year of a 5- to 6-year rotation is denoted
by SE, and the last year by SE,

SE, = \/SE*+ SE,*.

Especially in the case of the NABO sites, we could not
calculate standard errors for all rotations because, in sev-
eral cases, only a single composite sample was available.
We therefore decided not to show the error bars but pre-
sent the errors in the Figure legend. A t-test was con-
ducted to compare the means of the humus balance
values determined by the two humus balance methods.
Significance is defined as p < 0.05. A correlation analysis
of the VDLUFA and STAND humus balance values and
observed trends in SOC development was performed
using a simple linear regression and the coefficient of
determination, R It is important to note that humus
contents based on field observations are usually inferred
from SOC measurements applying a constant conversion
factor (Pribyl, 2010) because soil humus is not a single
chemical compound or soil fraction that can be isolated.
In theory, comparing changes in humus contents against
SOC changes would therefore be a proper method for
validation.

(3)

yoil Science

3 | RESULTS
3.1 | VDLUFA and STAND humus
balance outputs

There were no significant differences in the humus bal-
ance values of crop rotations with organic and mixed fer-
tilization that were determined by the two methods
(Figure 1). This suggests that the VDLUFA and STAND
humus balance models perform similarly for short-term
observations. Differences in the distribution of the humus
balance values among the five STAND site groups reflect
the diversity among the agricultural practices at the long-
term sites. When compared to calculations from the
VDLUFA model, the humus balance values determined
by STAND were slightly higher for site groups 2-4 and
lower for site groups 5 and 6 (Figure 1). This indicates
that the relationship between the humus balance values
calculated by the models differ based on the farm's
STAND site group.

The humus supply evaluations of the short-term
observations were generally the same for both models
(83.6% of crop rotations with mixed fertilization and
69.6% of crop rotations with organic fertilization were the
same) (Figure 2). The instances in which the humus sup-
ply evaluations differed between the two models were
depended on the site's STAND site group classification.
For example, crop rotations at site groups 2—-4 had higher
humus supply levels when evaluated in STAND
(Figure 2). As a result, crop rotations in site groups 2—4
were evaluated to have fewer interpretations of an under-
supply of humus and more indications of an oversupply
of humus by the STAND model. Conversely, crop

Humus Balancing Method E2 STAND ES VDLUFA

_ Mixed I Organic |
I p=082 p=055 p=0.74 p=0.32 p=0.11 p =0.092
> n=7 n=10 n=5 n=46 n=5 n =60
T 2000 N
&
& 1600 .
21200 . .,
q, L]
3 800 —
(]
> L]
o 400 E —_—
o —
c L]
(o] . . .
m
@ -400 E‘*
E 800
= 3 3 4 5 6 3 3 3 5 3

STAND Site Group

FIGURE 1

Box-plot analysis of humus balance values calculated with the STAND and VDLUFA methods (boxes indicate upper and

lower quartiles and medians are shown by thick horizontal lines. Error bars represent minimum and maximum values, and outliers are

indicated as dots). Results are separated for crop rotations with mixed and organic fertilization and for each STAND site group. Significance

is defined as p < 0.05. n = number of crop rotations.
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rotations at site groups 5 and 6 experienced the opposite
trend. For these areas, evaluations by STAND resulted in
fewer crop rotations with an oversupply of humus and
more evaluations with a balanced or undersupply of
humus when compared to the VDLUFA (Figure 2).

3.2 | Short-term vs. long-term crop
rotations

Results of the comparison between change in SOC content
and the VDLUFA and STAND humus balance values of
short-term observations are similar, as the humus balance
values derived by both methods showed no or poor corre-
lation to observed SOC measurements in crop rotations
with organic (R* = 0.06 for STAND and R*> = 0.05 for the
VDLUFA) and mixed (R? < 0.01 for both STAND and the
VDLUFA models) fertilization (Figure 3). This is due to
the fact that crop rotations with similar humus balances
values experienced different directions of change in soil
carbon. For example, there was considerable scatter in the
observed change in SOC content among variants with sim-
ilar humus balance values (Figure 3). Hence, there are
many instances in which crop rotations evaluated to have
the same humus supply group experienced different direc-
tions of change in SOC content. The mean standard error
for the change in SOC content was 0.026% for the NABO
sites, suggesting that SOC changes presented are signifi-
cantly different from zero for most rotations. In case of the
long-term experiments, the errors were larger (0.084% for
p24A and 0.13% for DOK) and hence not all SOC changes
differ significantly from zero. Nevertheless, the disagree-
ment between humus supply groups and SOC changes
remains. It is therefore unlikely that VDLUFA or the
STAND humus balance methods can guarantee reliable
inferences about SOC trends at time scales relevant to
their application.

The correlation between the humus balance values
and the observed change in SOC for long-term observa-
tions with mixed fertilization was still very poor for both
humus balancing tools (R*=0.04 for STAND and
R? = 0.06 for the VDLUFA) (Figure 4, left column). The
correlation of determination improved when the humus
balance values of long-term observations with organic
fertilization were compared with decadal soil carbon
development (R* = 0.68 for STAND and R* = 0.64 for the
VDLUFA) (Figure 4). Differences in the assessments of
long-term observations with mixed and organic fertiliza-
tion may reflect the greater diversity in the agricultural
practices and local soil conditions among the crop rota-
tions with mixed fertilization at the long-term sites
(as only two sites, DOK and p24A, included plots that
exclusively received organic fertilization, while all crop
rotations at the NABO sites and some rotations at the
DOK site received mixed fertilization).

While there is a stronger correlation between the
change in SOC and the humus balance values for long-
term observations with organic fertilization, the humus
supply evaluations of each model do not logically match
the SOC trends at a few sites. For example, there are a
few instances in which the humus supply evaluations of
crop rotations with organic fertilization experienced both
a positive and a negative change in SOC content for the
same humus supply group (e.g. for humus supply group
D on the right column of Figure 4, there are points above
and below x-axis). Crop rotations with organic fertiliza-
tion that were evaluated to have balanced (supply group
C), high (D) and, in one instance, a very high (E) humus
supply by the VDLUFA humus balance model, experi-
enced a negative change in SOC content (values below
grey horizontal line in Figure 4). It is logical that crop
rotations that were evaluated to have a balanced or exces-
sive humus supply would have a non-changing or posi-
tive change in SOC content.
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The discrepancy between the humus balance outputs and
the observed SOC trends is further emphasized when the

were examined in more detail. Figure 5 shows the same
comparison between the VDLUFA and STAND humus
balance values and change in SOC content for short-term
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Comparison of the STAND (top) and VDLUFA (bottom) humus balance values and change in soil carbon content for short-

term observations (i.e. single crop rotations of 5-6-year duration) at the 14 long-term sites. Crop rotations with mixed (left) and organic

(right) fertilization are evaluated using the humus supply groups (A-E), which, respectively, represent very low, low, balanced, high and

very high humus supply evaluations. Crop rotations are delineated by the type of applied organic material, wherein FYM stands for

farmyard manure and crop rotations with mixed fertilization include treatments supplied with mineral fertilizer and treatments supplied

with mineral fertilizer and the indicated organic material.

observations with an emphasis on the main fertilizer
treatments. As was previously mentioned, crop rotations
with mixed fertilization include mineral fertilizer treat-
ments and those supplied with both mineral and organic
fertilizer. On one hand, there were clear differences
among the humus balance outputs of crop rotations sup-
plied with different organic material. For example, the
green manure treatments as well as the unfertilized con-
trol treatments had low humus balance values and very
low (A) and low (B) humus supply evaluations, while
most of the farmyard manure and slurry treatments had
higher humus balance values and humus supply evalua-
tions of high (D) and very high (E) (Figure 5). On the
other hand, however, the ability of the calculators to dis-
tinguish between crop rotations supplied with different
organic amendments was less clear for those provided
with mixed fertilization. For both the VDLUFA and
STAND models, there is a wide variation in the outputs
of crop rotations supplied with mineral fertilizer and sim-
ilar kinds of organic material. Namely, the humus supply
level of the farmyard manure and slurry mixed fertilizer
treatments spanned all five evaluation classes depending
on the crop rotation (Figure 5). This indicates that

although the calculators’ ability to distinguish between
the different organic amendments is marginally better for
crop rotations with organic fertilization, neither the
VDLUFA nor STAND are able to relate the differential
impact of the mixed fertilizer treatments on humus devel-
opment in short-term analyses. Similar results were
observed for long-term evaluations (Figure S1).

The analysis with the best correlation is the compari-
son between the change in SOC content and the STAND
humus balance values of long-term observations with
organic fertilization (Figure 6). We found that plots trea-
ted with farmyard manure and slurry had higher humus
balance values than the unfertilized control treatments or
those treated with green manure and straw. The control
treatments and those supplied with plant-derived organic
amendments had humus supply evaluations of very low
(A) and low (B) and experienced negative changes in
SOC overtime (Figure 6). Conversely, treatments that
were supplied with animal by-products such as the com-
posted farmyard manure/slurry and rotted farmyard
manure/slurry treatments had high (D) and very high
(E) humus supply evaluations (Figure 6). However, there
were multiple instances in which treatments that were
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FIGURE 6

Comparison of the humus balance values determined with STAND and decadal change in soil carbon content of long-term

observations with organic fertilization at the DOK (green) and p24A (black) experimental sites. The data are identical to Figure 4 (upper

right panel), but here fertilizer treatments by different shapes (in which FYM means farmyard manure). Differentiation in the amount of

organic fertilizer is indicated by levels 1 (L1) and 2 (L2), in which level 1 is exactly half of the applied amount of level 2. The labels A-E

denote the evaluations of the humus supply groups (A (very low), B (low), C (balanced), D (high) and E (very high).

evaluated to have a balanced (C) or high (D) humus sup-
ply level experienced negative changes in SOC.

4 | DISCUSSION

4.1 | The function of the VDLUFA and
STAND humus balance methods

The outputs of the VDLUFA and STAND humus balance
calculators were not congruent with the observed
changes in SOC for short-term observations. We found
considerable scattering among the measured short-term
changes in SOC content for crop rotations with similar
humus balance values, which suggests that a definitive
prognosis of the relationship between the output of
humus balance calculators and the direction of measured
change in SOC content cannot be reached. Although
humus balance calculators are not designed to give quan-
titative outputs, they are meant to be used to make quali-
tative assessments. High/very high humus supply
evaluations (humus supply groups D and E) are therefore
expected to agree with positive SOC changes. The pre-
sented results show that not even this minimum require-
ment of the humus balance calculators is fulfilled. There
are several possible sources of short-term variation in
SOC at the farm scale, as results can be affected by differ-
ences in weather conditions prior to sampling, the strong
positive or negative influence of a single crop in a given
rotation, and farm management practices such as tillage
(Bongiorno et al.,, 2019; Panagos et al., 2019). These
potential sources of spatial and temporal variation are

not captured by simple humus balance calculators. Addi-
tionally, in this study, the VDLUFA and STAND humus
balance calculators were tasked to analyse short-term
observations that span 5 or 6 years. Due to the large spa-
tial and temporal variability in SOC, the duration of these
short-term observations makes it challenging to capture
minute changes in SOC. A careful sampling design was
therefore applied (i.e. by using composite samples) and
always sampling during the same time of the year (e.g. in
spring in the case of NABO sites) to reduce SOC variabil-
ity as good as possible. Still, the standard errors were
rather large for the long-term trials p24A and DOK, but
much lower for NABO sites (Figure 3). This was not sur-
prising as the number of subsamples was a bit lower (10—
20 vs. 25 per composite sample) in the two long-term
experiments to keep the disturbance through coring as
low as possible on these rather small plots.

While the correlation between the VDLUFA and
STAND humus balance values and change in observed
SOC slightly improved for long-term observations, dis-
crepancies between these two variables may exist for sim-
ilar reasons. For example, inferences about SOC trends
may be difficult to determine because essential manage-
ment and environmental parameters that influence SOC
development are not included in simple tools like the
VDLUFA and STAND. Even when the long-term sites
are presumed to be at or near steady state, as they are at
the NABO monitoring sites, in addition to primary
drivers such as changes in agricultural management,
SOC trends can be strongly influenced by site-specific soil
parameters that are not included in the humus balance
models such as the SOC/clay ratio (Gubler et al., 2019).
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Furthermore, it is well established that long-term SOM
development is influenced by numerous agricultural
practices and pedoclimatic factors and processes (Kogel-
Knabner & Amelung, 2021), which lead to considerable
spatial variability in SOC (Mishra et al., 2010). Soil
organic carbon accrual and depletion are also correlated
with the type of plant inputs, which further contributes
to spatial and temporal variability at the farm-scale
(Usowicz & Lipiec, 2017). Spatial heterogeneity of carbon
inputs and the random redistribution of organic matter
through bioturbation can also contribute to spatial vari-
ability in SOC at the plot scale (Poeplau et al., 2022).
Together, these effects present challenges for both direct
on-site measurements and for the prediction of SOC
change by soil models. As a result, a sufficient amount of
soil samples is needed and/or detailed input data for
modelling is required to obtain reliable predictions. Ide-
ally, concurrent monitoring of soil is conducted over long
time periods at the same sites with comparable methods
and these assessments are accompanied by the collection
of farm and soil management data.

4.2 |
studies

Differences from prior evaluation

Our findings and recommendations for use of the
VDLUFA and STAND humus balance methods may differ
from others because the association, or lack thereof,
between observed SOC trends and the farm's humus sup-
ply evaluation is acknowledged. In both models, the crop
rotation's humus balance value (the values shown, e.g. on
the x-axis of Figures 3-6) is used to determine the humus
supply group (A-E), from which the crop rotation's humus
supply evaluation (very low-very high) is characterized
(Kolbe, 2010; Korschens et al., 2004). Within the VDLUFA
and STAND humus balance models, humus supply is eval-
uated based on the risk of either negative impacts on yield
security or an increase in the soil's N mineralization poten-
tial (Korschens et al., 2004). When drawing a link between
the humus supply evaluation and change in SOC for a par-
ticular crop rotation, a logical connection must be estab-
lished. For example, a very low or low humus supply
evaluation relates to a negative change in SOC and
decreased crop yield because an inadequate supply of
humus during the crop rotation directly influences the
soil's nutrient supply and indirectly impacts soil physical,
chemical and biological properties that stimulate root
growth and thus biomass production (Lal, 2020). Con-
versely, a balanced humus supply evaluation is indicative
of the conservation or increase in SOC as an adequate
humus supply promotes yield security and optimal soil
function (Oldfield et al., 2019). Humus supply evaluations

of high or very high do not relate to SOC development but
are rather assessments of the risk an agricultural practice
poses to environmental harm (Korschens et al., 2004).
Although an increased supply of humus can promote SOC
sequestration through chemical and physical mechanisms
such as the formation of organo-mineral associations and
the stabilization via aggregation (Baldock & Skjemstad,
2000; Six et al., 2002; Sollins et al., 1996), the high and very
high VDLUFA and STAND humus supply evaluations
simply characterize the risk the farm poses to nutrient
leaching, not the amount of humus that remains in the
soil. The tools should therefore not be used to infer
changes in SOC, as they were not designed for this pur-
pose. Furthermore, focus on the correlation between the
models’ humus balance value and the observed change in
SOC may also lead to incorrect interpretations of the capa-
bility of these simple tools. In contrast to the present study,
prior investigations of the VDLUFA and STAND humus
balance methods have generally found strong, positive cor-
relations between the humus balance values of short-term
observations and the observed change in SOC content
(Beuke, 2006; Brock et al., 2016; Kolbe, 2012, 2015). Based
on the strength of these correlations, these simple humus
balance models were recommended for use in assessments
that examine the impact of agricultural practices on a
farm's humus supply. However, it is important to note that
the R* value is an evaluation of the performance of the lin-
ear regression and not a measure of the models' perfor-
mance as it is interpreted in some validation studies
(Garsia et al., 2023). For example, even when a strong,
positive correlation between the models’ humus balance
value and the measured change in SOC is observed, assess-
ments of individual crop rotations can be incorrect. This is
illustrated in our assessment of long-term observations
with organic fertilization (Figure 6), in which there were
two observations that had balanced humus supply evalua-
tions (humus supply group C) and negative changes in
SOC content, despite the rather strong correlation between
the two variables (R* = 0.68). Therefore, conclusions about
the applicability of the models that have been inferred
based on the correlation between the humus balance value
and measured change in SOC content are flawed because
they fail to consider of the relationship between the
humus supply evaluation, which may not align with the
observed SOC trend.

4.3 | Practical application of the
VDLUFA and STAND humus balance
methods

This study focuses on the effect of different types and
amounts of organic fertilizer on humus balance
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evaluations. This distinction is important to highlight
because it is one of the key differences between the
VDLUFA and STAND humus balance methods (Brock
et al.,, 2013). In addition to regulating the humus coeffi-
cients of crops based on the different site locations,
STAND was developed to mitigate overestimation of the
humus contribution from organic amendments by adjust-
ing the humus coefficient based on the fertilization
amount of the organic material (Kolbe, 2010, 2012). Simi-
lar findings of location-dependent differences in the
humus balance outputs of a few crop rotations have been
reported by Kolbe (2012). Overall, however, there were
no significant differences in the STAND and the
VDLUFA humus supply evaluations for the majority of
the crop rotations examined in this study. This means
that while the VDLUFA and STAND differ with regard to
the humus coefficients for crops and organic materials,
the results of these models are not significantly different
and STAND does not outperform the VLDUFA humus
balance model.

The VDLUFA and STAND humus balance methods
were able to assess the relative impact of different fertil-
izer treatments, but only under certain circumstances.
Our findings agree with those of Brock et al. (2016), who
found that the VDLUFA humus balance method is sensi-
tive to differences in agricultural practices that are
related to organic matter additions. In our study, these
results were more evident for crop rotations with organic
fertilization due to the design of the DOK and p24A
experiments which allowed for direct comparisons of the
effect of the fertilizer treatments. At the two long-term
experimental sites, the crop selection for a given crop
rotation was the same for all treatments, and the fertiliza-
tion intensity of some treatments changed only slightly
over time (Krause et al., 2022; Maltas et al., 2018). Con-
versely, the agricultural practices among the crop rota-
tions with mixed fertilization were more varied, both in
terms of the crop selection and fertilization management
over time.

The effect of different crop rotations on determina-
tions of the farm's humus supply is not examined in this
present study. However, a few studies have indicated a
need for adjustments to the humus coefficients for crops
in simple humus balance methods (Erhart et al., 2021;
Gotze et al., 2016). For example, Gétze et al. (2016) exam-
ined the effect of crop rotation on SOM development by
comparing the humus balance values determined by the
Dynamic Humus Unit Method to the total organic carbon
(TOC) content of soils with crop rotations that had
increasing proportions of the humus demanding sugar
beet crop. This analysis of soil development over 41 years
found that although the humus balance values were posi-
tively and significantly correlated with TOC, the humus
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balance values overestimated the actual organic matter
demand of the specific crop rotations (Gotze et al., 2016).

Long-term SOC trends at DOK exemplifies the capa-
bilities and limitations of the VDLUFA and STAND eval-
uation criteria. In an analysis of SOC trends over
42 years, Krause et al. (2022) found that SOC content
increased in the composted farmyard manure/slurry
treatment as well as in the rotted farmyard manure/
slurry treatment, remained constant in the stacked farm-
yard manure/slurry treatment and decreased in all of the
other treatments over time. In the present study, long-
term observations with unfertilized treatments at the
DOK site had a low humus supply evaluation and there-
fore are in logical alignment with the long-term trend of
SOC loss (Figure 6). By contrast, we found that crop rota-
tions supplied with composted farmyard manure/slurry
as well as those supplied with rotted farmyard manure
and slurry had high and very high humus supply evalua-
tions (Figure 6) and suggest an increased risk for N leach-
ing. However, at the DOK site, nitrogen (N) leaching was
found to be higher, but not significantly different in the
composted farmyard manure/slurry and rotted farmyard
manure and slurry treatments than in the mineral and
unfertilized treatments (Autret et al., 2020). Although
there was a positive long-term change in SOC for these
particular treatments, this is not indicative of N leaching,
and the humus evaluation criteria may only serve as a
rough indicator of the impacts of agricultural practices
on the farm's humus supply.

4.4 | Recommendations for future
decision-support tools

The inability of the VDLUFA and STAND humus supply
evaluations to reflect directions of change in SOC sug-
gests that these humus balance models are not effective
predictors of observed SOC trends. Mechanistic models
such as RothC may be better equipped for this purpose
because they incorporate parameters such as the varying
quality of SOC inputs, initial SOC content, the continu-
ous breakdown of formed organic matter, monthly tem-
perature and precipitation, and use of cover crops in their
estimations of carbon flux between different SOC pools
(Dechow et al., 2019; Leifeld et al., 2009). However, there
are some complications with the use of more complex
models for assessments of agricultural practices at the
farm-scale. For example, the ability of these tools to pre-
dict SOC dynamics is subjected to the model's default
parameter values and the allometric functions used to
quantify changes in SOC over time (Dechow et al., 2019).
The selection of such parameters is difficult at the farm-
scale due to the wvariability among sites. Also, the
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inclusion of such detailed soil, climate and management
data renders mechanistic models nonviable as tools for
farmers. For instance, site-specific input data such as ini-
tial SOC stock and measured clay content, detailed infor-
mation on historic and current agricultural management
(crop types, annual information on yields, amounts and
type of organic matter addition), and meteorological
information with a daily/monthly resolution are all
required to account for potential changes in humus bal-
ances associated with these factors. Therefore, mechanis-
tic models are not a panacea for assessments of
agricultural practices for farmers assuming they have to
gather these data themselves, but rather for experts and
only under the condition that sufficient measured data
are available.

Future decision-support tools may include humus
balancing calculators that have undergone further refine-
ment for use at the local level or simplified versions of
the more complex carbon models. Possible improvements
to simple humus balancing tools may involve the inclu-
sion of more management and site-specific parameters
that influence the underlying mechanisms of SOC
change such as prior land use history, initial SOC content
and SOC decay dynamics. Such methods are currently
being developed and will serve as useful tools that con-
tribute to climate mitigation efforts by maintaining and
improving humus content in arable environments. For
example, as part of the CarboCheck humus management
tool, the CPix application allows users to determine ini-
tial soil humus content with a smartphone (Carbocheck -
Humuswirtschaft Digital, n.d.). This application uses the
geolocation data imbedded in an image of the topsoil to
obtain local soil and climate parameters from a database
of long-term sites. The geodata is then combined with the
image's spectral colour data in an algorithm to estimate
initial soil humus content (Fischer, 2020). Alternatively,
mechanistic models can be simplified to reflect the for-
mat of simple humus balance models for more applicable
use at the farm-scale. For instance, Dechow et al. (2019)
applied two separate calibration procedures on data gath-
ered from 36 long-term experimental sites located in Cen-
tral and Northern Europe to modify model parameters in
RothC that represent the quality of carbon inputs from
crop residues and the humification coefficients for differ-
ent organic amendments. These parameters were then
used to develop a simplified model structure that incor-
porates the effects of carbon input and decomposition by
roots and stubbles, initial SOC at steady state and the
effect of organic amendments on SOC content (Dechow
et al.,, 2019). Lastly, geospatial data platforms such as
FarmMaps and the Flanders Research Institute for Agri-
culture, Fishers and Food's Bodempaspoort (‘Soil Pass-
port’) have employed a combination of these approaches.

These platforms allow farmers to simulate temporal
changes in SOC stock with RothC using user provided
current/alternate farm management data and site-specific
soil data that are gathered from public/private databases
(Annys et al., 2022; Lesschen et al., 2020).

5 | CONCLUSION

To support effective decision making at the farm-scale
humus balancing tools must be accurate, have the capa-
bilities to assess a range of agricultural practices and
require input data that are easily accessible to farmers.
By comparing the VDLUFA and STAND humus balance
outputs to SOC measurements, we observed that the two
methods performed similarly and STAND did not outper-
form the VDLUFA at long-term sites in Switzerland.
Additionally, we showed that these particular humus bal-
ancing methods should not be used to draw inferences
about SOC dynamics, especially of individual short-term
observations, due to the inaccuracy of the calculators.
While VDLUFA and STAND humus balancing calcula-
tors are capable of differentiating among long-term crop
rotations with different organic fertilizer treatments, cau-
tion should be used when making inferences about the
impact of management practice on the site's soil seques-
tration capacity and nitrogen use efficiency. Future
research on this topic may consider the continued valida-
tion of both mechanistic soil carbon models and simple
humus balance methods, particularly using data gathered
from different soil types that have experienced complex
agricultural practices overtime. Furthermore, it is neces-
sary to implement critical information and calculation
routines for humus balance predictions that are currently
lacking in simple tools like the VDLUFA and STAND
humus balance calculators. Alternatively, efforts could
focus on reducing information required for the application
of tools that demand more input data and make them user
friendly for farmers. Ultimately, both approaches rely on
the collection of SOC measurements as information on
the initial SOC condition is very critical for any type of
prediction.

AUTHOR CONTRIBUTIONS

Shauna-kay Rainford: Writing - review and editing;
writing — original draft; formal analysis; methodology; visu-
alization; investigation. Jens Leifeld: Conceptualization;
writing — review and editing; project administration; super-
vision; funding acquisition. Sonja Siegl: Conceptualization;
methodology; writing - review and editing; funding acquisi-
tion. Steffen Hagenbucher: Conceptualization; writing —
review and editing; funding acquisition. Judith Riedel:
Writing - review and editing; funding acquisition.

35UBD| 7 SUOWILLIOD dAIIER1D) (el jdde ayy Aq pausenoB are sajoiie VO ‘3sn Jo sajni J0j AriqiT aUluQ /8|1 UO (SUORIPUOS-PUR-SWBILID B | IM A Re.q 1 BU 1 [UO//:SANY) SUORIPUOD pUe SWJS | U1 89S *[7202/TT/0T] Uo A%iqiauluQ AS|IM * BQ 31WBpe) Y YdS1IBZIBMUS - piojuey Aexeureys Aq 2000, 'SSB/TTTT 0T/I0p/U0d A8 1M Aeiqpul|uo's euinokssgy/sdny wouy pepeojumod ‘9 1202 ‘68E259ET



RAINFORD ET AL.

“European Journal of -

Wl LEY 15 of 18

Thomas Gross: Data curation; writing - review and
editing. Urs Niggli: Writing - review and editing.
Sonja G. Keel: Investigation; conceptualization; meth-
odology; writing — review and editing; project adminis-
tration; supervision.

ACKNOWLEDGEMENTS

The authors acknowledge the financial support of
the Minerva Foundation. Further, we thank Luca Brag-
azza, Jochen Mayer and Shiva Ghiasi, and Michael
Miiller for their help preparing and sharing data
regarding the crop rotation, fertilizer management and
soil organic carbon content, respectively, at the p24A,
DOK and NABO long-term sites. Open access funding
provided by Agroscope.

FUNDING INFORMATION
This work was supported by Minerva Foundation.

CONFLICT OF INTEREST STATEMENT
The authors declare no competing interests.

DATA AVAILABILITY STATEMENT

The data from the long-term experimental sites are available
upon request from the respective Project Leaders of DOK
and p24A experiments, Jochen Mayer and Luca Bragazza.
Data regarding the agricultural practices and soil organic
carbon content at the NABO sites are not publicly available
to protect the privacy and anonymity of the farmers who
participate in the long-term monitoring program.

ORCID

Shauna-kay Rainford ‘© https://orcid.org/0000-0002-
2611-2612

Jens Leifeld \® https://orcid.org/0000-0002-7245-9852
Sonja Siegl @ https://orcid.org/0009-0001-4570-4621
Steffen Hagenbucher ® https://orcid.org/0000-0002-3083-
866X

Judith Riedel ‘© https://orcid.org/0000-0001-5195-7652
Thomas Gross @ https://orcid.org/0000-0002-6400-3919
Urs Niggli © https://orcid.org/0000-0003-2404-9821
Sonja G. Keel ‘2 https://orcid.org/0000-0002-2645-273X

REFERENCES

Andrén, O., & Kitterer, T. (1997). ICBM: The introductory carbon
balance model for exploration of soil carbon balances. Ecologi-
cal Applications, 7(4), 1226-1236.

Annys, S., Facq, E., Beirinckx, S., Lemeire, E., & Ruysschaert, G.
(2022). A system analysis of carbon farming schemes in support
of the wider implementation of carbon farming in Flanders
(Belgium). vol. ILVO Mededeling, D/2022/08 edn, Instituut
voor Landbouw-, Visserij- en Voedingsonderzoek. https://ilvo.
vlaanderen.be/uploads/documents/Mededelingen/ILVO-meded
eling-D-2022-08-systeemanalyse-CarbonCounts.pdf

0il Science

Arbeitsgruppe BEK. (2021). Berechnungsstandard fiir einzelbetrie-
bliche Klimabilanzen (BEK) in der Landwirtschaft. Handbuch,
Darmstadt, Kuratorium fiir Technik und Bauwesen in der
Landwirtschaft e. V., 2. Auflage. In: www.ktbl.de.

Asmus, F., & Herrmann, V. (1977). Reproduktion der organischen
Substanzen des Bodens. Akad. d. Landwirtschaftswiss. d. DDR.

Autret, B., Mary, B., Strullu, L., Chlebowski, F., Mider, P,
Mayer, J., Olesen, J. E., & Beaudoin, N. (2020). Long-term
modelling of crop yield, nitrogen losses and GHG balance in
organic cropping systems. Science of the Total Environment,
710, 134597.

Baldock, J. A., & Skjemstad, J. O. (2000). Role of the soil matrix and
minerals in protecting natural organic materials against biolog-
ical attack. Organic Geochemistry, 31, 697-710. https://doi.org/
10.1016/S0146-6380(00)00049-8

Beuke, K. (2006). Uberpriifung der Humusbilanzierung anhand von
Dauerversuchen in verschiedenen Klimaregionen Europas.
(Doctoral dissertation, Diploma Thesis, Universitdt Trier,
Trier).

Black, H. I, Reed, M. S., Kendall, H., Parkhurst, R., Cannon, N.,
Chapman, P. J, Orman, M., Phelps, J.,, Rudman, H.,
Whaley, S., Yeluripati, J., & Ziv, G. (2022). What makes an
operational farm soil carbon code? Insights from a global com-
parison of existing soil carbon codes using a structured analyti-
cal framework. Carbon Management, 13(1), 554-580.

Bongiorno, G., Bilinemann, E. K., Oguejiofor, C. U., Meier, J,,
Gort, G., Comans, R., Mider, P., Brussaard, L., & de Goede, R.
(2019). Sensitivity of labile carbon fractions to tillage and
organic matter management and their potential as comprehen-
sive soil quality indicators across pedoclimatic conditions in
Europe. Ecological Indicators, 99, 38-50.

Brock, C., Franko, U., Oberholzer, H. R., Kuka, K., Leithold, G.,
Kolbe, H., & Reinhold, J. (2013). Humus balancing in Central
Europe-concepts, state of the art, and further challenges. Jour-
nal of Plant Nutrition and Soil Science, 176(1), 3-11.

Brock, C., Oberholzer, H. R., Schwarz, J.,, Flielbach, A,
Hiilsbergen, K. J., Koch, W., Pallutt, B., Reinicke, F., &
Leithold, G. (2012). Soil organic matter balances in organic ver-
sus conventional farming-modelling in field experiments and
regional upscaling for cropland in Germany. Organic Agricul-
ture, 2(3-4), 185-195.

Brock, C., Oltmanns, M., & Leithold, G. (2016). What do humus
balances really tell about soil organic matter? Acta Fytotechnica
et Zootechnica, 18(5), 50-52.

Carbocheck - Humuswirtschaft Digital. (n.d.). Zuriick zur Start-
seite. https://www.carbocheck.de/

Coleman, K., & Jenkinson, D. S. (1996). RothC-26.3-a model for the
turnover of carbon in soil. In Evaluation of soil organic matter
models: Using existing long-term datasets (pp. 237-246).
Springer Berlin Heidelberg.

Dechow, R., Franko, U., Kitterer, T., & Kolbe, H. (2019). Evalua-
tion of the RothC model as a prognostic tool for the prediction
of SOC trends in response to management practices on arable
land. Geoderma, 337, 463-478.

Ebertseder, T., Engels, C., Heyn, J., Reinhold, J., Brock, C.,
Fiirstenfeld, F., & Zimmer, J. (2014). Humusbilanzierung-Eine
Methode zur Analyse und Bewertung der Humusversorgung
von Ackerland. Saksan maatalouden yhdistyksen VDLUFA: n
julkaisu. Viitattu 1.7. 2019.

35UBD| 7 SUOWILLIOD dAIIER1D) (el jdde ayy Aq pausenoB are sajoiie VO ‘3sn Jo sajni J0j AriqiT aUluQ /8|1 UO (SUORIPUOS-PUR-SWBILID B | IM A Re.q 1 BU 1 [UO//:SANY) SUORIPUOD pUe SWJS | U1 89S *[7202/TT/0T] Uo A%iqiauluQ AS|IM * BQ 31WBpe) Y YdS1IBZIBMUS - piojuey Aexeureys Aq 2000, 'SSB/TTTT 0T/I0p/U0d A8 1M Aeiqpul|uo's euinokssgy/sdny wouy pepeojumod ‘9 1202 ‘68E259ET


https://orcid.org/0000-0002-2611-2612
https://orcid.org/0000-0002-2611-2612
https://orcid.org/0000-0002-2611-2612
https://orcid.org/0000-0002-7245-9852
https://orcid.org/0000-0002-7245-9852
https://orcid.org/0009-0001-4570-4621
https://orcid.org/0009-0001-4570-4621
https://orcid.org/0000-0002-3083-866X
https://orcid.org/0000-0002-3083-866X
https://orcid.org/0000-0002-3083-866X
https://orcid.org/0000-0001-5195-7652
https://orcid.org/0000-0001-5195-7652
https://orcid.org/0000-0002-6400-3919
https://orcid.org/0000-0002-6400-3919
https://orcid.org/0000-0003-2404-9821
https://orcid.org/0000-0003-2404-9821
https://orcid.org/0000-0002-2645-273X
https://orcid.org/0000-0002-2645-273X
https://ilvo.vlaanderen.be/uploads/documents/Mededelingen/ILVO-mededeling-D-2022-08-systeemanalyse-CarbonCounts.pdf
https://ilvo.vlaanderen.be/uploads/documents/Mededelingen/ILVO-mededeling-D-2022-08-systeemanalyse-CarbonCounts.pdf
https://ilvo.vlaanderen.be/uploads/documents/Mededelingen/ILVO-mededeling-D-2022-08-systeemanalyse-CarbonCounts.pdf
http://www.ktbl.de
https://doi.org/10.1016/S0146-6380(00)00049-8
https://doi.org/10.1016/S0146-6380(00)00049-8
https://www.carbocheck.de/

“European Journal of -

16 of 18 Wl LEY

RAINFORD Er AL.

Soil Science

Erhart, E., Neuner, E., & Riegler, V. (2021). Entwicklung einer
Methode zur Bemessung des Beitrags von Begriinungen zur
Kohlenstoffanreicherung in landwirtschaftlichen Boden. End-
bericht von StartClim2020.F in StartClim2020: Planung, Bil-
dung und Kunst fiir die Osterreichische Anpassung,
Auftraggeber: BMK, BMWFW, Klima- und Energiefonds, Land
Oberosterreich.

FAL. (1996). Referenzmethoden der Eidg. Landwirtschaftlichen
Forschungsanstalten. Ziirich-Reckenholz.

FAL, RAC, FAW. (2011). Méthodes de référence des stations de
recherche Agroscope (Vol. 1). Agroscope.

Feller, C. L., Thuri¢s, L. J. M., Manlay, R. J., Robin, P., & Frossard, E.
(2003). “The principles of rational agriculture” by Albrecht
Daniel Thaer (1752-1828). An approach to the sustainability of
cropping systems at the beginning of the 19th century. Journal of
Plant Nutrition and Soil Science, 166(6), 687-698.

Fischer, M. (2020). Pioniere in der Humuswirtschaft. B & B Agrar,
1-5. https://www.bildungsserveragrar.de/fileadmin/Redaktion/
Online-Beitraege/2020/12-22/BB_Agrar_04_2020_Online_03_
Dezember_mit_Schutz.pdf

Franko, U., Kolbe, H., Thiel, E., & Lief3, E. (2011). Multi-site valida-
tion of a soil organic matter model for arable fields based on
generally available input data. Geoderma, 166(1), 119-134.

Fuss, S., Lamb, W. F., Callaghan, M. W., Hilaire, J., Creutzig, F.,
Amann, T., Beringer, T., de Oliveira Garcia, W., Hartmann, J.,
Khanna, T., Luderer, G., Nemet, G. F., Rogelj, J., Smith, P.,
Vicente, J. L. V., Wilcox, J., del Mar Zamora Dominguez, M., &
Minx, J. C. (2018). Negative emissions—Part 2: Costs, potentials
and side effects. Environmental Research Letters, 13(6), 063002.

Garsia, A., Moinet, A., Vazquez, C., Creamer, R. E., & Moinet, G. Y.
(2023). The challenge of selecting an appropriate soil organic
carbon simulation model: A comprehensive global review and
validation assessment. Global Change Biology, 29, 5760-5774.

Gotze, P., Riicknagel, J., Jacobs, A., Mirldnder, B., Koch, H. J.,
Holzweiflig, B., Steinz, M., & Christen, O. (2016). Sugar beet
rotation effects on soil organic matter and calculated humus
balance in Central Germany. European Journal of Agronomy,
76, 198-207.

Griscom, B. W., Adams, J., Ellis, P. W., Houghton, R. A,
Lomax, G., Miteva, D. A., Schlesinger, W. H., Shoch, D.,
Siikamdéki, J. V., Smith, P., Woodbury, P., Zganjar, C.,
Blackman, A., Campari, J., Conant, R. T., Delgado, C., Elias, P.,
Gopalakrishna, T., Hamsik, M. R., ... Fargione, J. (2017). Natu-
ral climate solutions. Proceedings of the National Academy of
Sciences of the United States of America, 114(44), 11645-11650.

Gross, T., Miiller, M., Keller, A., & Gubler, A. (2021). Erfassung der
Bewirtschaftungsdaten im Messnetz der Nationalen Bodenbeo-
bachtung NABO. Agroscope Science, 122, 1-51.

Gubler, A., Gross, T., Hug, A.-S., Moll-Mielewczik, J., Miiller, M.,
Rehbein, K., Schwab, P., Wichter, D., Zimmermann, R., &
Meuli, R. G. (2022). Die Nationale Boden-beobachtung 2021
Autorinnen und Autoren.

Gubler, A., Wiachter, D., & Schwab, P. (2018). Homogenisation of
series of soil organic carbon: Harmonising results by wet oxida-
tion (Swiss standard method) and dry combustion. Agroscope
Science, 62, 1-9.

Gubler, A., Wichter, D., Schwab, P., Miiller, M., & Keller, A.
(2019). Twenty-five years of observations of soil organic carbon
in Swiss croplands showing stability overall but with some

divergent trends. Environmental Monitoring and Assessment,
191, 1-17.

Hani, F., Braga, F. S., Stampfli, A., Keller, T., Fischer, M., &
Porsche, H. (2003). RISE, a tool for holistic sustainability
assessment at the farm level. International Food and Agribusi-
ness Management Review, 6, 78-90.

Heil, J., Jorges, C., & Stumpe, B. (2022). Evaluation of using digital
photography as a cost-effective tool for the rapid assessment
of soil organic carbon at a regional scale. Soil Security, 6,
100023.

Hillier, J., Walter, C., Malin, D., Garcia-Suarez, T., Mila-i-
Canals, L., & Smith, P. (2011). A farm-focused calculator for
emissions from crop and livestock production. Environmental
Modelling & Software, 26(9), 1070-1078.

Keel, S. G., Anken, T., Biichi, L., Chervet, A., Fliessbach, A.,
Flisch, R., Huguenin-Elie, O., Maider, P., Mayer, J,
Sinaj, S., Sturmy, W., Wiist-Galley, C., Zihlmann, U., &
Leifeld, J. (2019). Loss of soil organic carbon in Swiss long-
term agricultural experiments over a wide range of manage-
ment practices. Agriculture, Ecosystems & Environment, 286,
106654.

Kogel-Knabner, I., & Amelung, W. (2021). Soil organic matter in
major pedogenic soil groups. Geoderma, 384, 114785.

Kolbe, H. (2005). Verification of the VDLUFA humus balance
method using long-term field trials. Archives of Agronomy and
Soil Science, 51(2), 221-239.

Kolbe, H. (2007). Anforderungen an die Humusbilanzierung in der
Praxis des okologischen Landbaus. Schriftenreihe der Scich-
sischen Landesanstalt fiir Landwirtschaft, H. 9, 58-69.

Kolbe, H. (2008). Einfache Verfahren zur Berechnung der Humus-
bilanz fiir konventionelle und 6kologische Anbaubedingungen.
Working paper, FB Pflanzliche Erzeugung, Sachsische Lande-
sanstalt fiir Landwirtschaft, D-Leipzig.

Kolbe, H. (2010). Site-adjusted organic matter-balance method for
use in arable farming systems. Journal of Plant Nutrition and
Soil Science, 173(5), 678-691.

Kolbe, H. (2012). Zusammenfiithrende Untersuchungen zur Gen-
auigkeit und Anwendung von Methoden der Humusbilanzier-
ung im konventionellen und 0&kologischen Landbau. In:
Bilanzierungsmethoden und Versorgungsniveau fiir Humus.
Schriftenreihe Des Landesamtes fiir Umwelt, Landwirtschaft Und
Geologie, Heft, 19, 4-85.

Kolbe, H. (2015). Wie ist es um die Bodenfruchtbarkeit im Oko-
landbau bestellt: Néhrstoffversorgung und Humusstatus? Bod-
enfruchtbarkeit-Grundlage Erfolgreicher Landwirtschaft (BAD
Tagungsband 2015), 89-123.

Kolbe, H., & Zimmer, J. (2015). Leitfaden zur Humusversorgung.
Informationen fiir Praxis, Beratung und Schulung (pp. 1-62).
Sichsisches Landesamt fiir Umwelt, Landwirtschaft und Geolo-
gie (LfULG).

Korschens, M., Rogasik, J., Schulz, E., Boning, H., Eich, D,
Ellerbrock, R., Franko, U., Hiilsbergen, K.-J., K6ppen, D.,
Kolbe, H., Leithold, G., Merbach, I., Peschke, H., Prystav, W.,
Reinhold, J., Zimmer, J., & Sauerbeck, D. (2004). Humusbilan-
zierung: Methode zur Beurteilung und Bemessung der Humusver-
sorgung von Ackerland (p. 12). VDLUFA.

Krause, H. M., Stehle, B., Mayer, J., Mayer, M., Steffens, M.,
Mider, P., & Fliessbach, A. (2022). Biological soil quality and
soil organic carbon change in biodynamic, organic, and

35UBD| 7 SUOWILLIOD dAIIER1D) (el jdde ayy Aq pausenoB are sajoiie VO ‘3sn Jo sajni J0j AriqiT aUluQ /8|1 UO (SUORIPUOS-PUR-SWBILID B | IM A Re.q 1 BU 1 [UO//:SANY) SUORIPUOD pUe SWJS | U1 89S *[7202/TT/0T] Uo A%iqiauluQ AS|IM * BQ 31WBpe) Y YdS1IBZIBMUS - piojuey Aexeureys Aq 2000, 'SSB/TTTT 0T/I0p/U0d A8 1M Aeiqpul|uo's euinokssgy/sdny wouy pepeojumod ‘9 1202 ‘68E259ET


https://www.bildungsserveragrar.de/fileadmin/Redaktion/Online-Beitraege/2020/12-22/BB_Agrar_04_2020_Online_03_Dezember_mit_Schutz.pdf
https://www.bildungsserveragrar.de/fileadmin/Redaktion/Online-Beitraege/2020/12-22/BB_Agrar_04_2020_Online_03_Dezember_mit_Schutz.pdf
https://www.bildungsserveragrar.de/fileadmin/Redaktion/Online-Beitraege/2020/12-22/BB_Agrar_04_2020_Online_03_Dezember_mit_Schutz.pdf

RAINFORD ET AL.

“European Journal of -

Wl LEY 17 of 18

conventional farming systems after 42 years. Agronomy for Sus-
tainable Development, 42(6), 117.

Kwiatkowska-Malina, J. (2018). Qualitative and quantitative
soil organic matter estimation for sustainable soil management.
Journal of Soils and Sediments, 18(8), 2801-2812.

Lal, R. (2011). Sequestering carbon in soils of agro-ecosystems. Food
Policy, 36, $33-S39.

Lal, R. (2018). Digging deeper: A holistic perspective of factors
affecting soil organic carbon sequestration in agroecosystems.
Global Change Biology, 24(8), 3285-3301.

Lal, R. (2020). Soil organic matter content and crop yield. Journal of
Soil and Water Conservation, 75(2), 27A-32A.

Leifeld, J., Reiser, R., & Oberholzer, H. R. (2009). Consequences of
conventional versus organic farming on soil carbon: Results
from a 27-year field experiment. Agronomy Journal, 101(5),
1204-1218.

Leithold, G., Hiilsbergen, K.-J., Michel, D., & Schonmeier, H.
(1997). Humusbilanzierung - Methoden und Anwendung als
AgrarUmweltindikator. In Deutsche Bundesstiftung Umwelt
(Ed.), Umweltvertrigliche Pflanzenproduktion. Initiativen zum
Umweltschutz 5 (pp. 43-54). Zeller Verlag.

Lesschen, J. P., Hendriks, C., van de Linden, A., Timmermans, B.,
Keuskamp, J., Keuper, D., Hanegraaf, M., Conijn, S., & Slier, T.
(2020). Ontwikkeling praktijktool voor bodem C (No. 2990).
Wageningen Environmental Research.

Maltas, A., Kebli, H., Oberholzer, H. R., Weisskopf, P., &
Sinaj, S. (2018). The effects of organic and mineral fertilizers
on carbon sequestration, soil properties, and crop yields from
a long-term field experiment under a Swiss conventional
farming system. Land Degradation & Development, 29(4),
926-938.

Mishra, U., Lal, R., Liu, D., & Van Meirvenne, M. (2010). Predict-
ing the spatial variation of the soil organic carbon pool at a
regional scale. Soil Science Society of America Journal, 74(3),
906-914.

Murindangabo, Y. T., Kopecky, M., Konvalina, P., Ghorbani, M.,
Perna, K., Nguyen, T. G., Bernas, J., Baloch, S. B., Hoang, T. N.,
Eze, F. O., & Ali, S. (2023). Quantitative approaches in asses-
sing soil organic matter dynamics for sustainable management.
Agronomy, 13(7), 1776.

Nemecek, T., Roesch, A., Bystricky, M., Jeanneret, P.,
Lansche, J., Stiissi, M., & Gaillard, G. (2024). Swiss agricul-
tural life cycle assessment: A method to assess the emissions
and environmental impacts of agricultural systems and prod-
ucts. The International Journal of Life Cycle Assessment,
29(3), 433-455.

Neyroud, J. A., Supcik, P., & Magnollay, F. (1997). La part du sol
dans la production intégrée. 1. Gestion de la matiére organique
et bilan humique. Revue Suisse Agriculture, 29, 45-51.

Oberholzer, H. R., Weisskopf, P., Gaillard, G., Weiss, F., &
Freiermuth Knuchel, R. (2006). Methode zur Beurteilung der
Wirkungen landwirtschaftlicher Bewirtschaftung auf die Boden-
qualitit in Okobilanzen. Agroscope FAL Reckenholz.

Oldfield, E. E., Bradford, M. A., & Wood, S. A. (2019). Global meta-
analysis of the relationship between soil organic matter and
crop yields. The Soil, 5(1), 15-32.

Oldfield, E. E., Eagle, A. J., Rubin, R. L., Rudek, J,
Sanderman, J., & Gordon, D. R. (2022). Crediting agricultural
soil carbon sequestration. Science, 375(6586), 1222-1225.

0il Science

Panagos, P., Borrelli, P., & Poesen, J. (2019). Soil loss due to crop
harvesting in the European Union: A first estimation of an
underrated geomorphic process. Science of the Total Environ-
ment, 664, 487-498.

Parton, W. J., Schimel, D. S., Cole, C. V., & Ojima, D. S. (1987).
Analysis of factors controlling soil organic matter levels in
Great Plains grasslands. Soil Science Society of America Journal,
51(5), 1173-1179.

Paul, C., Bartkowski, B., Dénmez, C., Don, A. Mayer, S.,
Steffens, M., Weigl, S., Wiesmeier, M., Wolf, A., & Helming, K.
(2023). Carbon farming: Are soil carbon certificates a suitable
tool for climate change mitigation? Journal of Environmental
Management, 330, 117142.

Paustian, K., Collier, S., Baldock, J., Burgess, R., Creque, J.,
DeLonge, M., Dungait, J., Ellert, B., Frank, S., Goddard, T.,
Govaerts, B., Grundy, M., Henning, M., Izaurralde, R. C.,
Madaras, M., McConkey, B., Porzig, E., Rice, C., Searle, R., ...
Jahn, M. (2019). Quantifying carbon for agricultural soil man-
agement: From the current status toward a global soil informa-
tion system. Carbon Management, 10(6), 567-587.

Paustian, K., Easter, M., Brown, K., Chambers, A., Eve, M,
Huber, A., Marx, E., Layer, M., Stermer, M., Sutton, B,
Swan, A., Toureene, C., Verlayudhan, S., & Williams, S. (2017).
Field-and farm-scale assessment of soil greenhouse gas mitiga-
tion using COMET-farm. Precision Conservation: Geospatial
Techniques for Agricultural and Natural Resources Conservation,
59, 341-359.

Paustian, K., Lehmann, J., Ogle, S., Reay, D., Robertson, G. P., &
Smith, P. (2016). Climate-smart soils. Nature, 532(7597), 49-57.

Poeplau, C., Prietz, R., & Don, A. (2022). Plot-scale variability of
organic carbon in temperate agricultural soils—Implications
for soil monitoring#. Journal of Plant Nutrition and Soil Sci-
ence, 185(3), 403-416.

Pribyl, D. W. (2010). A critical review of the conventional SOC to
SOM conversion factor. Geoderma, 156(3-4), 75-83.

R Core Team. (2022). R: A language and environment for statistical
computing. R Foundation for Statistical Computing.

Six, J., Feller, C., Denef, K., Ogle, S. M., de Moraes, J. C., &
Albrecht, A. (2002). Soil organic matter, biota and aggregation
in temperate and tropical soils - effects of no-tillage. Agronomie,
22(7-8), 755-775.

Smith, P. (2016). Soil carbon sequestration and biochar as negative
emission technologies. Global Change Biology, 22(3), 1315-
1324.

Smith, P., Soussana, J. F., Angers, D., Schipper, L., Chenu, C,
Rasse, D. P., Batjes, N. H., van Egmond, F., McNeill, S,
Kuhnert, M., Arias-Navarro, C., Olesen, J. E., Chirinda, N.,
Fornara, D, Wollenberg, E., Alvaro-Fuentes, J,
Sanz-Cobena, A., & Klumpp, K. (2020). How to measure, report
and verify soil carbon change to realize the potential of soil car-
bon sequestration for atmospheric greenhouse gas removal.
Global Change Biology, 26(1), 219-241.

Sollins, P., Homann, P., & Caldwell, B. A. (1996). Stabilization and
destabilization of soil organic matter: Mechanisms and con-
trols. Geoderma, 74, 65-105. https://doi.org/10.1016/S0016-7061
(96)00036-5

Soussana, J. F., Lutfalla, S., Ehrhardt, F., Rosenstock, T.,
Lamanna, C., Havlik, P., Richards, M., Wollenberg, E.,
Chotte, J.-L., Torquebiau, E., Ciais, P., Smith, P., & Lal, R.

35UBD| 7 SUOWILLIOD dAIIER1D) (el jdde ayy Aq pausenoB are sajoiie VO ‘3sn Jo sajni J0j AriqiT aUluQ /8|1 UO (SUORIPUOS-PUR-SWBILID B | IM A Re.q 1 BU 1 [UO//:SANY) SUORIPUOD pUe SWJS | U1 89S *[7202/TT/0T] Uo A%iqiauluQ AS|IM * BQ 31WBpe) Y YdS1IBZIBMUS - piojuey Aexeureys Aq 2000, 'SSB/TTTT 0T/I0p/U0d A8 1M Aeiqpul|uo's euinokssgy/sdny wouy pepeojumod ‘9 1202 ‘68E259ET


https://doi.org/10.1016/S0016-7061(96)00036-5
https://doi.org/10.1016/S0016-7061(96)00036-5

RAINFORD Er AL.

18 of 18 Furopean Journal of
R AB G Sl Science

(2019). Matching policy and science: Rationale for the ‘4 per
1000-soils for food security and climate’ initiative. Soil and Till-
age Research, 188, 3-15.

Thalmann, C., Zbinden, V., & Team RISE. (2022). Response-
Inducing Sustainability Evaluation (RISE). https://www.bth.
ch/dam/jcr:ee33a31d-5367-4e50-b94a-f7d5faf3a7bd/en_What_
is_RISE_2022.pdf

USDA. (2016). USDA building blocks for climate smart
agriculture and forestry. https://www.usda.gov/sites/default/
files/documents/building-blocks-implementation-plan-progress-
report.pdf

Usowicz, B., & Lipiec, J. (2017). Spatial variability of soil properties
and cereal yield in a cultivated field on sandy soil. Soil and Till-
age Research, 174, 241-250.

White, R. E., Davidson, B., & Eckard, R. (2021). An everyman's guide
for a landholder to participate in soil carbon farming in Australia.

SUPPORTING INFORMATION

Additional supporting information can be found online
in the Supporting Information section at the end of this
article.

How to cite this article: Rainford, S., Leifeld, J.,
Siegl, S., Hagenbucher, S., Riedel, J., Gross, T.,
Niggli, U., & Keel, S. G. (2024). No relationship
between outputs of simple humus balance
calculators (VDLUFA and STAND) and soil
organic carbon trends. European Journal of Soil
Science, 75(6), €70007. https://doi.org/10.1111/ejss.
70007

35UBD| 7 SUOWILLIOD dAIIER1D) (el jdde ayy Aq pausenoB are sajoiie VO ‘3sn Jo sajni J0j AriqiT aUluQ /8|1 UO (SUORIPUOS-PUR-SWBILID B | IM A Re.q 1 BU 1 [UO//:SANY) SUORIPUOD pUe SWJS | U1 89S *[7202/TT/0T] Uo A%iqiauluQ AS|IM * BQ 31WBpe) Y YdS1IBZIBMUS - piojuey Aexeureys Aq 2000, 'SSB/TTTT 0T/I0p/U0d A8 1M Aeiqpul|uo's euinokssgy/sdny wouy pepeojumod ‘9 1202 ‘68E259ET


https://www.bfh.ch/dam/jcr:ee33a31d-5367-4e50-b94a-f7d5faf3a7bd/en_What_is_RISE_2022.pdf
https://www.bfh.ch/dam/jcr:ee33a31d-5367-4e50-b94a-f7d5faf3a7bd/en_What_is_RISE_2022.pdf
https://www.bfh.ch/dam/jcr:ee33a31d-5367-4e50-b94a-f7d5faf3a7bd/en_What_is_RISE_2022.pdf
https://www.usda.gov/sites/default/files/documents/building-blocks-implementation-plan-progress-report.pdf
https://www.usda.gov/sites/default/files/documents/building-blocks-implementation-plan-progress-report.pdf
https://www.usda.gov/sites/default/files/documents/building-blocks-implementation-plan-progress-report.pdf
https://doi.org/10.1111/ejss.70007
https://doi.org/10.1111/ejss.70007

	No relationship between outputs of simple humus balance calculators (VDLUFA and STAND) and soil organic carbon trends
	Abstract
	1  |  INTRODUCTION
	2  |  MATERIALS AND METHODS
	2.1  |  Description of sites, agricultural practices and soil organic carbon measurements
	2.2  |  Humus balance methods and outputs
	2.3  |  Data analysis

	3  |  RESULTS
	3.1  |  VDLUFA and STAND humus balance outputs
	3.2  |  Short‐term vs. long‐term crop rotations
	3.3  |  The impact of organic amendments

	4  |  DISCUSSION
	4.1  |  The function of the VDLUFA and STAND humus balance methods
	4.2  |  Differences from prior evaluation studies
	4.3  |  Practical application of the VDLUFA and STAND humus balance methods
	4.4  |  Recommendations for future decision‐support tools

	5  |  CONCLUSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT
	ORCID
	REFERENCES
	SUPPORTING INFORMATION


