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Summary

Summary

Sustainable agriculture strongly depends on fertile soils. Yet keeping soils in crop production
while maintaining their fertility is highly challenging and most long-term studies indicate a
decrease in soil fertility on arable land under continuous cropping. During the growing period
of the cash crop, only limited options to improve soil fertility exist because there are normally
very specific cultivation requirements. Therefore, the break periods between main crops have
a high potential for soil fertility improvement because no harvest output is expected. Many
studies have shown that long periods of bare soil should be avoided and during long fallow
times the soil should be covered. For that purpose, different options of cover cropping have
been developed. They differ in terms of plant species, frost tolerance, biomass input and
termination methods. So far, in the scientific literature cover crops were mainly compared to
bare soil treatments but different cover cropping strategies are only rarely compared, hence
limiting knowledge on their performance relative to one another. In organic reduced tillage
systems cover cropping has a high priority and since neither herbicides nor intense tillage can
be used, frost-tolerant cover crops can only be terminated with shallow tillage methods that
brings the cover crop biomass into the very topsoil layer. The challenge thereby is that within
a reasonable time (around 2 weeks) the mixture of cover crop pieces and soil must result in
proper seedbed for the next crop. One way to make this process easier is to reduce the
amount of cover crop biomass by mowing and removing the aboveground biomass. Another
approach is to use a microbial inoculant called “Effective Microorganisms” that is promised to

facilitate the decomposition process and make seedbed preparation easier.

In the context of Switzerland, crop rotations are very diverse and accordingly also the fallow
periods differ widely in length and seasonal growing condition. Thus, it is difficult to evaluate
different cover cropping strategies in long-term experiments because the same fallow period
only occurs once in several years. On the other hand, short-term experiments face the
challenge that most soil properties show a high variability in space and changes are normally
rather small which makes it very difficult to statistically detect management effects. The
statistical power could be improved by increasing the sample size but due to the high costs of
conventional soil analyses, the number of soil samples is normally limited. Infrared
spectroscopy is a method that provides fast and cheap soil analyses and can therefore
potentially be very useful in short-term soil experiments because the number of samples can
be increased at little additional costs. Yet, spectral soil data need to be calibrated with
measurements from conventional lab data and still little is known about the performance of

spectral models at the local scale.

The goal of this thesis is to increase scientific knowledge about cover cropping effects on soil

properties in organic reduced tillage systems. Thereby | formulated three major objectives: 1)
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to compare the effects of two frequently used cover cropping strategies on soil fertility
parameters, 2) to evaluate the suitability of infrared spectroscopy in soil sampling projects of
local extent and 3) to investigate the effects of Effective Microorganisms (EM) on cover crop

decomposition.

| thus investigated the effects of two cover cropping methods on soil properties at six fields in
eastern Switzerland (Paper 1). A sampling design in very high temporal and spatial resolution
was implemented and the high number of soil samples (n = 2574) was analyzed in a combined
approach of conventional soil analysis and soil spectroscopy in the visible and near-infrared
range (vis—NIR). Thereby the reasons for the varying performance of spectral models between
different fields were analyzed and summarized in Paper 2. A very similar spectral approach
was used in a soil survey in northern Spain (Paper 5) and results are presented to complement
the insights from Paper 2. The effects of EM on cover crop decomposition were tested in a lab

incubation study and published in paper 3 and 4.

Regarding objective 1, the two cover cropping strategies that either maximized plant biomass
input or soil cover were evaluated in the long fallow period between wheat harvest (End of
July) and sowing of a next spring crop (Paper 1). In the double cover cropping (DCC) strategy
two cover crops were sown subsequently and shallowly (3 cm) incorporated into the soil with
the idea that the biomass input provides an energy source for the soil microorganisms. In the
permanent soil cover (PSC) strategy, the soil was covered for the whole period with one cover
crop, that was mowed, and the plant biomass was removed. In contrast to DCC, the PSC
strategy had no aboveground plant biomass input into the soil but also no tillage throughout
the period. The analysis of the two cover cropping strategies in high spatial and temporal
resolution showed that the effects of differences between different sampling times were far
more pronounced than differences between treatments. Nevertheless, in both treatments the
increase in soil organic carbon was highest in 5-10 cm soil depth and significantly higher in the
PSC compared to the DCC approach. The plant biomass input in the DCC treatment led to
higher microbial biomass and mineral N compared to the PSC treatment. | conclude that the
aboveground biomass input in the DCC strategy was beneficial for biological activity but the
better soil cover and probably higher root biomass input in the PSC strategy was slightly more

beneficial for soil organic carbon.

Addressing objective 2, the spectral models showed over all a good performance, but the
model performance was lower on the two fields with high carbonate content (Paper 2). The
prediction accuracy for fields with high carbonate content could not be improved when data
of all fields were combined to build general models. | therefore conclude that especially in
soils with low carbonate contents, soil spectroscopy is very suitable, and the prediction errors

can be expected to be comparable to the lab measurement error. The application of the same
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spectral approach at a study side in Spain showed clearly that much more detailed information
can be obtained when conventionally analyzed samples are accompanied by additional

spectral measurements (Paper 5).

Concerning objective 3, EM application did not show significant effects on cover crop
decomposition dynamics, under the spring-like conditions mimicked in the incubation study
(12° C) (Paper 3 and 4). Thanks to a sterilized control, | could distinguish effects caused by
living microorganisms and effects caused from substrate (energy and nutrients) addition.
Seven days after the start of the incubation, microbial taxa from EM solution could only be
found when EM were applied in 100 times higher amounts than recommended in agricultural

praxis.

This thesis shows that a high-resolution sampling design and the use of spectral methods
allowed to evaluate different cover cropping strategies in a short-term experiment. | therefore
consider the methodological approach to be very useful for evaluating innovative soil
management strategies as soonest possible after their invention. This thesis is one piece of
knowledge that aims to support decision making about cover cropping in organic reduced
tillage systems and provides results about effects on soil fertility properties. More research is
needed to evaluate effects of cover cropping on other agronomic variables like yields, weed

pressure and profitability.

Keywords: Cover crop, soil spectroscopy, regenerative agriculture, effective microorganisms,

temperate climates, soil fertility, soil organic matter, land abandonment
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and contributed to one paper as a co-author.
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Part I: Background and overview

Part I: Background and overview
1. Introduction

1.1. Role of cover crops in soil fertility management

The concept of soil fertility captures the ability of a soil to sustain plant growth by providing
essential plant nutrients and the physical, biological and chemical conditions enabling it to
serve as habitat for plant growth (FAO, 2022). Soil fertility is a relatively narrow term that
focuses on the suitability of soils for agricultural production (Patzel et al., 2000). It has been
expanded to the terms of soil quality or soil health to account for further ecosystem services
like water quality, biodiversity conservation, and climate regulation (Bliinemann et al., 2018).
Since in this thesis the focus lies on the question how different cover cropping management
influences the soil conditions for the next crop, | consider soil fertility as the most adequate
and most intuitive term. Soil fertility is a term that does not have a direct corresponding
guantitative measurement and besides the application of visual methods in the field
(Johannes et al., 2017) and some attempts to combine different measurements to a soil
fertility index (Munnaf and Mouazen, 2021), most studies use measurements of soil organic
matter stocks as a proxy for soil fertility (Tittonell et al., 2008). Soil organic matter improves
the functioning of the soil in many different aspects through improved soil structure
(aggregation, aeration, water retention) and improved elemental cycles (nutrient
mineralization, carbon sequestration, compound retention) or just to serve as a biological
habitat by itself (Hoffland et al., 2020). It is difficult to draw conclusion about soil fertility from
soil organic matter stocks at two completely distinct locations but changes in soil organic
matter stocks over time at one location have strong effects on soil fertility and are therefore

very suitable as a proxy measurement.

In many world regions, agricultural management leads to decreasing soil organic matter stocks
thereby threatening soil fertility which either directly decreases yields or makes them more
dependent on external inputs (Lal, 2015). To reverse this global trend, many management
strategies have been suggested, sometimes called soil-improving cropping systems (Rietra et
al.,, 2022), sustainable land management practices (Ruiz et al., 2020) or regenerative
agriculture (Rhodes, 2017), but always aiming at a high organic matter input (cover crops,
organic fertilizers and amendments), high soil cover (mulch, cover crops), high plant species

diversity in crop rotation and reduced tillage strategies (Liu et al., 2006).

Especially, in humid climates, where water is normally not a limiting factor, cover cropping is
considered to be a major element to increase soil organic matter stocks and its turnover,
which improves soil fertility (Scavo et al., 2022). The benefit of cover cropping is mainly to

avoid bare soil periods that naturally do not exist in temperate climates and are normally



characterized by erosion, increasing nutrient losses, decreasing soil organic matter stocks and

low microbial activity (Daryanto et al., 2018; Thorup-Kristensen et al., 2003).

The use of cover crops does not only bridge the time between two main crops to avoid bare
soil periods but also offers the opportunity to push the agroecosystem into a more biodiverse
and resilient direction. Main crops normally must fulfill clear requirements in terms of product
quality and efficient machinery use at harvesting which limits the flexibility in the cultivation.
Cover crops, on the other hand, can be handled more flexible and allow a direct focus on the

improvement of soil conditions.

The major cover crop effect is its considerable organic matter input having the potential to
increase soil organic matter stocks which is highly beneficial for soil fertility and relevant for
carbon sequestration for climate change mitigation. Additionally, cover crops allow to
increase the biodiversity in the agroecosystem with benefits for soil microbiology (McDaniel
et al., 2014; Tiemann, 2015) whereby higher carbon uptake and microbial biomass has been
measured in cover crop mixtures than in single species cover crops (Gentsch et al., 2020).
Besides total microbial biomass, cover cropping increases also the functional diversity in the
soil microbiome (Kim et al., 2020) which might then affect the resilience of an agroecosystem.
Cover crops have furthermore a crucial role in nutrient cycling, especially nitrogen (N)
retention (Thorup-Kristensen et al., 2003; Zhou et al., 2020), which reduces nutrient losses
and potentially increases fertilizer efficiency. Especially, N losses from farmyard manure can
be reduced if the manure is applied on growing plants whereby cover crops are very suitable
because crop damage due to machine use is almost irrelevant (Cambardella et al., 2010;
Everett et al., 2019).

However, in the agricultural practice, cover cropping must be well coordinated with the
rotation of the main crops which makes the optimal cover cropping strategy strongly
dependent on environmental conditions and the agricultural policy framework and therefore

site-specific.

1.2. Agricultural policy frameworks regarding cover cropping and

crop rotations in Switzerland

Both the public and organized civil society and private actors influence soil management
strategies in Switzerland. In the public domain, Swiss farmers must fulfill the proof of
ecological performance (Okologischer Leistungsnachweis) which also contains regulations
about the bare soil periods (Swiss Ordinance 910.13, 2013) to receive direct payments. If a

crop is harvested before August 31, a next crop or cover crop must be sown in the same year
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(Swiss Ordinance 910.13: Article 17) with the effect that after cereal harvest and a next spring
crop a cover crop or temporary ley must be sown. Additionally, there is an incentive payment
per hectare if the bare soil period between crops or cover crops is shorter than seven weeks
(Swiss Ordinance 910.13: Article 71).

In organic farming, additional requirements must be fulfilled. According to the regulations of
BioSuisse (2022), a national membership organization of Swiss organic farmers, 20 % of the
arable land must be covered with temporary grassland. Cover crops can also be counted (up
to 10 %) according to their area and period if they stand longer than five months. Additionally,
only a maximum of 50 % of the arable land is allowed to be bare over winter (15 Nov. — 15
Feb.; BioSuisse, 2022). Especially organic farms with little or no livestock are interested in

cover cropping because they do not need grassland but must fulfill the label requirements.

These regulations show that in Switzerland cover cropping is widespread and that there are

strong incentives to avoid periods of bare soil.

However, the question of cover cropping is strongly related to crop rotation because the main
crops determine the agronomic requirements and periods for cover cropping. Switzerland is
one of the few countries that has strict regulations on crop rotations. On a farm with more
than three hectares arable land, at least four different crops must be grown per year, and for
each crop, a clear pausing length in the crop rotation is specified (Swiss Ordinance 910.13
(2013), Article 16). These regulations along with the dynamic market situation (Bundesamt fiir
Landwirtschaft, 2022) lead to highly diverse crop rotations that are constantly adjusted.
Hence, they influence the durations of cover cropping and its contributions to soil organic

matter.

1.3. Short-term versus long-term changes in soil organic matter

There are two different views on soil organic matter. From a perspective of climate change
mitigation mainly long-term increases in soil organic matter stocks are of interest because of
their potential for carbon sequestration (Blanco-Canqui, 2022; Chahal et al., 2020). Short-term
increases in soil organic matter stocks can be seen as short-lived carbon sinks and can
accordingly also be quantified in carbon sequestration calculations (Leifeld, 2023) but their
effect is of much lower importance compared to the long-term changes. From a soil fertility
perspective long-term increases in soil organic matter are also very desired because of their
positive effects on soil structure, and storage capacity, but also short-term changes are of
interest, because the dynamic nature of soil organic matter is very beneficial for crop
production (Janzen, 2006). The highest value of soil organic matter lies in its decay (Janzen,

2006) because nutrients are mineralized and become available for the crop (Hacker et al.,
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2015). A sustainable cropping system is therefore mainly interested in a high turn-over of soil
organic matter and needs periods of high organic matter formation (or inputs) that can then
serve as a source for organic matter mineralization. A high increase in soil organic matter
stocks in one year and an equal decrease in the next year is irrelevant from a climate
perspective, but relevant in crop production because it might have been very beneficial for
soil microbiology or nutrient supply. Cover crops are seen as a major elementin a crop rotation
to introduce periods of soil organic matter formation (McClelland et al., 2021), but the
immediate effects of different cover cropping strategies on soil fertility parameters remain
understudied. Given the diverse and flexible crop rotations in Switzerland, it is very difficult to
evaluate a specific cover cropping approach in the long-term because it is probably applied

only once in several years.

From a farmer’s perspective, any measure without direct monetary benefit must pay off in a
relevant time scale (Perez et al., 2007), which is probably mainly the performance of the crop
in the following year or in a maximum of a few years. Long-term field trials are of very high
scientific value but they cannot cover the whole range of management options in agricultural
praxis as Chenu et al. (2019) argued. A participatory approach is thus needed that evaluates
the short-term effects of different management (i.e. cover cropping) options on soil organic

matter and soil fertility.

1.4. Challenges in measuring changes in soil organic matter related

soil properties

Soil organic matter has three characteristics that make the detection of change a major
challenge. According to Hoffmann et al. (2017), these are: a) its small scale spatial
heterogeneity, b) its pronounced short-term temporal dynamics and c) the rather small
magnitude of changes compared to the total stocks. In agricultural research the main strategy
to deal with these challenges is to design long-term field trials, with the disadvantage that the
short-term effects remain concealed and changes in soil organic matter are completely
attributed to the long-term treatment effects (Schrumpf et al., 2011). Recently, Mayer et al.
(2022) showed with data from a long-term field trial that the short-term dynamics of the
occluded particulate organic matter, as part of total soil organic matter, can be substantial
within days to weeks. Similar studies of total soil organic carbon (SOC) showed a very high
temporal variability attributable to the combination of management activity (i.e. tillage,
fertilization) and seasonal patterns (i.e. temperature, moisture; Wuest (2014)). The seasonal
pattern during the growing season can be quite distinct from year to year and especially in

diverse crop rotations, the management is highly variable making soil organic matter dynamics
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on crop land very complex and unpredictable (Wuest, 2014). Thereby, the unpredictable
speed of decomposition processes of crop residues, plant roots, cover crop biomass or organic
fertilizers, plays a major role. A crucial factor is the time point when these organic substances
reach a size of < 2 mm because only then they become part of the soil fine earth that is
normally analyzed (Blume et al., 2016) and classified as soil organic matter. From a soil fertility
perspective, the whole continuum of the decomposition processes from plant residues
(organic matter > 2mm) as well as decomposition processes within the soil organic matter
(organic matter < 2mm) are of relevance because all product of the decomposition processes
interact with the soil mineral phase and the plant roots. This contentious nature of soil organic
matter (Lehmann and Kleber, 2015) where organic matter is gradually more and more
decomposed makes it recommendable to not only measure total soil organic matter but also
associated soil properties like microbial parameters and nutrients as well as different fraction
of soil organic matter (as e.g. particulate organic matter, mineral associated matter or
permanganate oxidizable carbon). To tackle the high spatial and temporal resolution of soil
organic matter related soil properties, the ideal solution would be to have a high spatial and
temporal resolution in soil analysis which is constrained by the analysis costs per soil sample.
Currently mostly applied in soil science is dry combustion, where the ground soil is burnt at
1150°C and produced CO: is quantified (Harris et al., 2014). In acidic soils the measured total
carbon in a soil sample equals SOC but in soils containing carbonate a second measurement is
necessary to determine the carbonate content, which makes the analytical costs per sample
relatively high. Therefore, complementary measurement methods such as visible and near-

infrared (vis—NIR) spectroscopy have the potential to make the analysis cheaper.

1.5. Soil visible and near infrared spectroscopy for cost-efficient soil

sample analysis

Diffuse reflectance spectroscopy has gained increasing attention in soil science because of its
potential to provide fast, non-destructive, and cost-effective measurements (Nocita et al.,
2015). Most spectrometers work either in the visible and near infrared range (vis—NIR, 350-
2500 nm) or in the midinfrared (MIR, 2500-25'000 nm) range (Soriano-Disla et al., 2014).
Comparisons between MIR and vis—NIR spectroscopy normally attribute a higher
measurement accuracy to MIR spectrometers while vis—NIR spectroscopy is much cheaper
and requires less soil sample preparation (no grinding) (Breure et al., 2022; Clairotte et al.,
2016; Knox et al., 2015).

In general, spectral data need to be calibrated with reference values from standard laboratory

measurements whereby different model approaches that can deal with multicollinearity in
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the predictor variables (the reflectance value at each wavelength) such as partial least square
regression or machine learning tools can be used (Viscarra Rossel et al., 2022). The vision is
that one day the spectral analysis could potentially replace expensive lab measurements. In
other disciplines this vision has become reality and spectral measurements are standard to
measure for example the quality of agricultural products (cereals, forage,...), while in soil
science, spectroscopy is still in a research status (Bellon-Maurel et al., 2010). The reason
therefore is that biological products are clearly constrained by the plants genome which
makes all grains or fruits of one plant species highly comparable, while soils normally show a
high heterogeneity resulting in often highly skewed distribution of soil properties (Bellon-
Maurel et al., 2010; Brown et al., 2006). The application of spectral models to soil samples
from areas that have not been part of the calibration dataset is very challenging and one of
the big topics in soil spectroscopy research (McBride, 2022; Ng et al., 2022; Tziolas et al.,
2019).

However, even though the first vision of replacing standard lab measurements seems unlikely,
soil spectroscopy has a high potential in combination with conventional lab measurements
(Viscarra Rossel et al., 2022). Especially, regionally and locally calibrated spectral models
predicting soil properties related to soil organic matter have shown good performance
(Angelopoulou et al., 2020; Breure et al., 2022). Therefore, soil spectroscopy has a high
potential to increase the number of samples at little additional costs which is crucial to tackle
the high spatial and temporal variability of soil organic matter. However, in conventional lab
methods, the measurement error can be very well estimated beforehand, which is not the
case for spectral models. Each local spectral model has its own performance and the
prediction error (corresponding to measurement error in conventional methods) cannot be
estimated beforehand. Therefore, the application of soil spectroscopy bears the risk that the
model performance might not match the measurement accuracy that is required by the

research question.

1.6. Cover crops in organic reduced tillage systems: decomposition

is crucial

In reduced tillage systems cover crops decompose on the soil surface either as mulch or
slightly mixed with topsoil. The optimal decomposition dynamics depend on the management
objective and the following crop and influences the cover crop selection: A slow
decomposition is desired if the cover crop mulch should suppress weeds (Brito et al., 2019), a
decomposition in balance with main crop growths is desired if the cover crop mainly serves as

nutrient source (Dhakal et al., 2020) and a fast decomposition is desired if the following crop
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Part I: Background and overview

has strict requirements about seedbed preparation and mulch sowing is not possible. The
decomposition of cover crops depends highly on diurnal variations of moisture and
temperature (Thapa et al.,, 2021) and therefore the cover crop decomposition in reduced
tillage systems can be slower than desired (Varela et al., 2017), with negative consequences
for seedbed preparation for the next crop. In Switzerland, weather in spring can be cold and
wet which prevents a fast cover crop decomposition and the moist and potentially slimy cover
crop material on the soil surface can cause seedbed preparation and sowing problems (Thapa
et al., 2021).

1.7. A microbial inoculant to accelerate the decomposition of cover

crops

With the promise to enhance cover crop decomposition and boost soil microbiology, a
microbial inoculation product based on the effective microorganism (EM) technology (Higa,
1991) was introduced into the Swiss market (EM Schweiz, 2023). Many Swiss farmers
practicing the shallow incorporation of cover crops apply EM. The general idea of microbial
inoculants, often summarized under the term plant growth promoting rhizobacteria, is to
influence the plant-microbial associations in the soil thereby aiming at better crop
performance (Backer et al., 2018; Gouda et al., 2018). Effective microorganisms are advertised
to have a wide application range that goes far beyond agriculture which makes their scientific
evaluation very difficult. The existing peer-reviewed literature about the application of EM in
agriculture is highly controversial whereby beneficial effects of EM were most times observed
in tropical or subtropical regions in Asia (Hu, 2018; Khaliqg et al., 2006), while studies in Europe
did not detect statistically significant effects of EM (Mayer et al., 2010; Pranagal et al., 2020;
Schenck zu Schweinsberg-Mickan and Miiller, 2009). So far, the main conclusion about EM
application is, that it has to be applied in combination with organic matter, which is the
recommendation of the developer (Higa, 2003) as well as the conclusion of research studies
that found significant effects (Hu and Qij, 2013; Javaid, 2011; Olle, 2021; Van Fan et al., 2018).
The combined application of EM with cover crop termination fulfills this criterium but the
promised effects of faster decomposition, higher nutrient efficiency and formation of soil

organic matter (EM Schweiz, 2023) has not yet been evaluated.

1.8. Summarizing the identified scientific gaps

Much empirical research has been conducted to compare cover cropping and bare soil
treatments and results have been summarized in meta-analyses (Jian et al., 2020; McClelland

etal., 2021). These two meta-analyses summarize various data from long-term cover cropping
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field trials, but 68 % respectively 54 % of the considered field experiments were in
monoculture system and most of the rest in systems with two or three crops (Jian et al., 2020;
McClelland et al., 2021). The evaluation of cover cropping in diverse (more than three crops)
crop rotation is highly understudied because time windows for cover cropping keep changing
and do not occur every year. In Switzerland, diverse crop rotations are general praxis and due
to the federal regulations (see section 1.2) bare soil treatments in long fallow periods are not
of practical relevance. Therefore, there is a clear need to evaluate different cover cropping
strategies in agricultural systems with diverse crop rotations. Since the same cover cropping
time window only occurs once in several years, long-term field trials would only be of limited
use, respectively their cost-benefit ratio would be questionable. Yet, measurement of short-
term changes in soil properties related to organic matter is challenging (see section 1.3) and
requires a high spatial and temporal resolution of soil sampling and therefore a large sample
size. Soil vis—NIR spectroscopy has the potential to analyze large number of samples but its
suitability in field experiments is understudied. Local spectral models at field or on-farm level
have been developed (e.g. Kuang and Mouazen (2011) or Singh et al. (2022)) but their
accuracies are highly varying for unknown reasons. This uncertainty hampers the application
of vis—NIR spectroscopy at the local scale and therefore there is a strong need to analyze the

factors that influence the performance of local spectral models.

Furthermore, the rate of cover crop decomposition is crucial in organic reduced tillage systems
and so far, it is not clear if the application of EM can alter the cover crop decomposition
process. There is no systematic analysis of the effects of cover crop incorporation with EM
application regarding soil microbial activity and community composition as well as released

elements during the cover crop decomposition.

1.9. Research objectives

The goal of this thesis is to enhance knowledge on cover crop management, elucidate short-
term changes in soil fertility and elaborate suitable methods for such assessments. Its
objectives can be divided into three major topics that have been published as individual
papers: 1) analyze the effects of different cover cropping strategies on soil fertility parameters,
2) to explore the suitability of vis—NIR spectroscopy for soil sampling projects of local extent,
3) to examine the effects of EM on cover crop decomposition. These topics were structured

by the following research questions:
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Part I: Background and overview

1) Effect of different cover cropping strategies on soil fertility (Paper 1):

A) Do cover cropping strategies that differ in terms of species composition, growing
period and aboveground biomass input show different effects on soil C and N
fractions?

B) Which of the analyzed soil properties and which soil depth segment is most
sensitive to implemented cover cropping strategies?

2) Suitability of vis—NIR spectroscopy for soil sampling projects of local extent (Paper 2

and 5):

A) To what extent do the prediction errors of local spectral models differ from the lab
measurement error?

B) Can spectral data of several target sites be combined to a general model without
substantial decrease in model performance?

C) How dofield and soil characteristics (e.g., field size, soil texture, carbonate content,
correlations of soil properties) of the target site relate to the performance of
spectral models?

D) Does an increased sample size analyzed with vis—NIR spectroscopy in a local
experiment improve the statistical power compared to a lower sample size with
conventional analysis?

3) Effect of EM on cover crop decomposition: (Paper 3 and 4):
A) Do EM alter the dynamics of cover crop decomposition?
B) Do EM alter the concentration of water-soluble ions or elements?

C) Can microbial taxa from the EM solution establish themselves in the soil?

2. Methodology

2.1. Initiating a participatory on-farm experiment

The starting point for this thesis was a privately organized soil course (Bodenkurs im Griinen,
Konzepte der regenerativen Landwirtschaft), held by the practitioners Dietmar Naser (Griine
Bricke, 2022) and Friedrich Wenz (Humusfarming, 2022) , that | participated with around 20
farmers in 2017. This course is not offered anymore but follow-up programs still exist, and
their content can be checked on the websites of Griine Briicke and Humusfarming. A big topic
of the course was cover cropping with shallow incorporation and EM application, which was
assured to show beneficial effects on soil fertility parameters (Naser, 2021). Together with five
interested farmers, we decided to scientifically evaluate two contrasting cover cropping
approaches in short-term field experiments on their farms (Objective 1, Paper 1). The
experiment took place on six fields in eastern Switzerland that were a maximum of 12.8 km

apart from one another (Figure 1). The field experiment in this PhD theses took place from
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end of July (cereal harvest) to end of April or beginning of May (sowing of spring crop) and in
this long fallow period a bare soil treatment is not an option and was therefore also not

considered in the study design.
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Figure 1: Location of the six fields (A-F) in the canton of Thurgau in eastern Switzerland.

2.2. Application of vis—NIR spectroscopy

The need for more studies to contribute to the emerging evidence about the potential of vis—
NIR spectroscopy to complement laboratory soil analysis and thus enable a cost-effective
analysis of larger soil samples was another motivation (Metzger et al., 2024). The availability
of portable vis—NIR spectrometers allows to collect data through direct in situ measurements.
However, | took soil samples in the field and conducted the spectroscopy measurements on
dried and sieved samples in the lab. There are three reasons why | did not conduct in situ
measurements on the field. First, | would not have had enough time in the field to do proper
measurements and the time window was limited due to the cover cropping management
schedule. Second, the highly variable water content under field conditions at different time
points would probably have resulted in lower model performance compared to lab
measurements (Hutengs et al., 2019). Thirdly, it is a big advantage to have all soil samples
available in the lab, because the spectra can be analyzed and a representative subset for wet
chemistry analysis can be chosen. With field measurements, the reference samples must be
determined beforehand without knowing if they are representative for the whole dataset. The
suitability of vis—NIR spectroscopy application in field experiments (objective 2) was evaluated

in Paper 2 and Paper 5.
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2.3. Effects of EM tested in a lab incubation experiment

The scientific literature about the effects of EM on organic matter decomposition (see section
1.7) indicated that a potential effect of EM on cover crop decomposition might, if at all, only
be minor. Therefore, | did not include EM as an experimental factor in the field trial but ran a
lab incubation experiment with different EM levels and a sterilized control (Objective 3, Paper
3 and 4). The lab experiment allowed to keep the environmental conditions stable and work

with a high temporal resolution.

2.4. Overview of research papers

This thesis contains three first author papers, one policy brief and one co-authored paper.
Figure 2 shows which of the collected datasets were used in which paper and how these
different papers contribute to the three objectives of this thesis. Table 1 provides an overview
about the different research outputs and in which journal they were published or have been

accepted.

Collected dataset Research Papers Objectives

Paper 1: Cover cropping in organic reduced

Field experiment ﬁ tillage systems: Maximizing soil cover or plant [ > Objective 1: Effect of different

X aboveground biomass input? cover cropping strategies on soil
in eastern fertility
Switzerland % Pa per 2: Best performances of visible-near-
infrared models in soils with little carbonate —a
field study in Switzerland
Objective 2: Suitability of vis—
Paper 3: No effect on biological or chemical NIR spectroscopy for soil sampling
soil properties when amended with effective projects of local extent
. . microorganisms for improved cover crop
Lab incubation § ﬁ decomposition

study
% Paper 4: can Effective Microorganisms

influence Green-Manure Decomposition?

Objective 3: Effect of EM on
cover crop decomposition

SO||. survey in Paper 5: Reveget_atlon is key for soil organic
northern Spain carbon sequestration on abandoned and

degraded land in northern Spain

Figure 2: Overview of the connections between collected datasets, research papers and objectives of this PhD thesis.
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Table 1: Overview of research outputs

No. Objective Authors Title Journal Status

1 1 Simon Oberholzer, Klaus A. Cover cropping in European Accepted on
Jarosch, Markus Steffens, organic reduced Journal of Soil October 25,
Nadine Harder and Chinwe tillage systems: Science 2024
Ifejika Speranza Maximizing soil

cover or plant
aboveground
biomass input?

2 2 Simon Oberholzer, Laura Best performances Soil Published on
Summerauer, Markus Steffens  of visible—near- April 10, 2024
and Chinwe Ifejika Speranza infrared models in

soils with little
carbonate — a field
study in Switzerland

3 3 Simon Oberholzer, Christa No effect on Applied Soil Published on
Herrmann, Natacha biological or Ecology March 2, 2024
Bodenhausen, Hans-Martin chemical soil
Krause, Adrien Mestrot, properties when
Chinwe Ifejika Speranza and amended with
Klaus A. Jarosch effective

microorganisms for
improved cover crop
decomposition

4 3 Simon Oberholzer, Christa Can Effective Policy Brief in Published on
Herrmann, Natacha Microorganisms Agrarforschung  April 6, 2024
Bodenhausen, Hans-Martin influence Green- Schweiz
Krause, Adrien Mestrot, Manure
Chinwe Ifejika Speranza and Decomposition?

Klaus A. Jarosch

5 2 Maja V. Schneider, Simon Revegetation is key =~ Geoderma Published on

Oberholzer and Chinwe Ifejika  for soil organic Regional July 11, 2024

Speranza

carbon
sequestration on
abandoned and
degraded land in
northern Spain
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Part I: Background and overview

3. Key insights and discussion

Paper 1: Cover cropping in organic reduced tillage systems: Maximizing soil cover or plant

aboveground biomass input?

e Comparison of permanent soil cover (PSC) that maximizes soil cover and minimizes tillage
and double cover cropping (DCC) that maximizes cover crop aboveground biomass input.

e Measurement of C and N fractions in high spatio-temporal resolution in a field experiment.

e Aboveground biomass input led generally to higher microbial biomass, mineral N and POXC
(0-5 cm) in the DCC treatment.

e The PSC treatment showed significantly higher increase in SOC in 5-10 cm compared to the
DCC treatment which was probably caused by the higher belowground C inputs.

Box 1: Short summary of the Cover crop paper (Paper 1, objective 1)

The evaluation of the two cover cropping strategies revealed that the temporal variability of
soil properties was very high, which posed a challenge to the identification of management
effects. As the pronounced short-term variability was expected beforehand, | chose a
methodological approach that allowed to collect soil samples in high temporal and spatial
resolution. Despite the high measurement resolution using vis—NIR spectroscopy, only small
differences for the soil properties SOC, total N and POXC between the treatments could be
detected. For the whole analyzed soil depth (0-20 cm) we did not find differences between
treatments. Only when sub-setting per depth segment, we found significantly higher increases
for SOC in 5-10 cm in the PSC treatment but significantly higher increases for POXC in 0-5 cm
in the DCC treatment. The cover crop in the PSC system had much more time to develop its
root system and | hypothesize that therefore the belowground C inputs were probably higher
in the PSC treatment, and which would explain the significantly higher SOC in 5-10 cm soil
depth compared to the DCC treatment. The significantly higher POXC in 0-5 cm in the DCC
treatment was most probable caused by the aboveground biomass input that took place in
that soil depth. The spectral data were accompanied by conventional lab measurements with
a lower spatial sampling resolution. Also, for these soil properties (Cmic, Nmic and Nmin) we
found a pronounced variability over time, but they were, as expected more sensitive to
treatment effects than SOC, total N and POXC. At the end of the field trial, | measured
generally higher Cmic, Nmic and Nmin in the DCC treatment compared to the PSC treatment.
| concluded therefore that the aboveground biomass input in the DCC strategy was beneficial
for soil microbiology and nitrogen availability, but the constant soil cover and minimum tillage
of PSC tended to be more beneficial for SOC.
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Paper 2: Best performances of visible—near-infrared models in soils with little carbonate —

a field study in Switzerland

e Out of 30 local spectral models, 24 showed an accurate performance (RPD > 2) and six
models a low model performance (RPD < 2).

e The low performing models were from the two fields with highest carbonate content.

e Analysis of variable importance in projection (VIP), and correlations between spectral
variables and target soil properties, confirmed that high carbonate content masked
absorption features for SOC.

e When combining data of different fields to build one general model, fields with high
carbonate content showed a strong decrease in model performance compared to the local
model.

Box 2: Short summary of the spectroscopy paper (Paper 2, objective 2)

The spectroscopy paper (see Box 2) showed that most local models had an accurate
performance and the highest prediction error for SOC (2.43 + 0.55 g kg!) was not much higher
than the lab measurement error of the conventional lab analysis using a CNS analyzer (1.01
0.40 g kgt). Additionally, all local models showed a very low bias (see Table 2 in Paper 2),
which means that the spectral models did not systematically over- or underestimate the
measured values. However, soils with high carbonate content (Fields A and F) showed in
general a lower model performance than the other four fields (A, B, C, D) and the utilization
of vis—NIR spectroscopy on fields with high carbonate content remains challenging and should
be addressed by further research. A very similar methodological approach as in Paper 2 was
applied in Paper 5 where in an area of 300 ha soil samples were taken in high spatial resolution
to investigate the effect of contrasting land management (tilled fields, fallow fields and forest).
In this study, the sampling design could also be statistically evaluated by only using the soil
samples where wet chemistry data were available and without using any spectral data. The
comparison between evaluation with wet chemistry data only (57 samples) and with spectral
data (487 samples), showed that the number of statistically significant relations between
treatments could be drastically increased (see Figure 8 in Paper 5). We conclude therefore
that the application of soil spectroscopy in soil survey projects of local extent allows to
increase the number of samples at very little additional costs which can provide more detailed

information than when less samples with only wet chemistry data are used.
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Part I: Background and overview

Paper 3: No effect on biological or chemical soil properties when amended with effective

microorganisms for improved cover crop decomposition

e EM at recommended dose did not change the soil respiration, nor microbial C and N.

e EM at 100 times of recommended dose showed effects due to added substrate and not due
to the added living microorganisms.

e Seven days after the start of the incubation, EM taxa were only detected in the samples that
were treated with a 100 times higher EM dose than recommended.

e EM did not coherently change the concentration of water-soluble ions and elements.

Box 3: Short summary of the EM paper (Paper 3, objective 3)

Effective microorganisms did not change soil respiration nor any of the measured biological
or biochemical soil property (see Box 3). | therefore conclude that the decomposition was not
influenced by the addition of EM in the study setting (laboratory experiment). With the
specific experimental set up, it cannot be excluded that under certain environmental
conditions EM might influence cover crop decomposition but since a general effect was

lacking, | expect such a potentially occurring effect to be minor.

4. Synthesis and outlook

Different cover cropping options have different short-term effects as could be shown by Paper
1. Though, a cover cropping strategy must be integrated into a farming system and therefore
one cover cropping approach cannot be qualified as superior per se compared to another one.
Taking the main results of the two compared approaches in Paper 1, we found that PSC had a
stronger effect on SOC whereas the DCC approach had a stronger effect on soil
microorganisms. For crop rotations that include crops requiring a lot of “soil movement” like
ridge crops (potatoes, carrots, etc.) or multiple sets during the vegetation season (vegetables)
the effects of the PSC approach would probably not be sustainable because it would be
counteracted very soon by the following crop. Since in these crop rotations (independent of
the farming system) a lot of physical soil management takes place, the recovery of soil
structure (aggregates) is probably most important which can only be achieved through a high
microbial activity. Therefore, in such systems | would rather recommend cover cropping
options with biomass input that foster soil microbiology like the DCC approach. On the other
hand, in reduced tillage systems with little soil movement and crop rotations with mainly
threshing crops (cereals, rapeseed, etc.), low tillage intensity and high soil cover strategy like
in the PSC approach is suitable because soil organic matter mineralization is probably
relatively low and soil structure relatively good and therefore plant biomass input is not a
priority. However, there are many more cover cropping options than the ones tested in Paper

1 but only limited or no knowledge about them is available and more research needs to be
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done. The main question thereby should not be “what is the best cover cropping strategy?”
but rather “Which cover cropping strategy can best compensate the negative impacts of a

specific crop rotation on soil fertility?”.

For this type of research at the local extent, soil vis—NIR spectroscopy can be very helpful to
cope with a high number of samples. However, as also shown by this study, soil organic matter
related parameters (SOC, total N, POXC) can be well predicted with vis—NIR spectroscopy but
additional measurements like nutrients or microbial properties might also be necessary for
the evaluation of cover cropping strategies but are normally less accurately predicted by vis—
NIR spectroscopy. These latter properties are quite sensitive to management and even with a
small sample size, effects can be identified, hence no added value or additional insights from
spectral assessment. The performance of vis—NIR spectroscopy was lower on soils with low
carbonate contents and therefore more research is needed to improve the prediction
accuracy for these soils. This issue is probably even more important for larger scale spectral
libraries with highly varying carbonate contents. | can imagine three possible ways to address
this problem but all of them must be first evaluated. First, samples could be pre-treated with
acid to remove carbonates before conducting the measurements. A comparison in model
performance with acid-treated samples and untreated samples could be a first step in that
direction. Second, there might be a possibility to “correct” a reflectance spectrum for its
carbonate content as it was e.g. successfully done for the water content by Ji et al. (2015).
However, since the important areas for organic carbon and carbonate are overlapping, such
correction approach might be challenging. Thirdly, there is still the option to rely on MIR

spectroscopy in soils with high carbonate where the prediction of carbonate is much better.

Even though measuring immediate effects of land management on soil properties is very
challenging, a big motivation to improve the methodology is the farmer’s perspective.
Independent of the management approach that is evaluated, it is more motivating and
relevant for farmers, if immediate effects can be measured and communicated. Due to the
high sample number, soil vis—NIR spectroscopy might be one piece to improve the
methodology to tackle the challenge of short-term effects on soil fertility. If short-term effects
can be made better visible, it is easier to set up research projects with a high participation of
people working in the agricultural praxis. The participation of practitioners in research projects
has been identified as a crucial factor to improve soil fertility (Cheik and Jouquet, 2020) and
could potentially be fostered by the implementation of local soil spectroscopy projects. Like
farmers, also other stakeholders like the agricultural ministry, food retailers and label
organization have an interest in fast evaluation of new measures for sustainable soil

management and might therefore be more interested to participate in research projects.
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Besides its unquestionable positive effects on soil fertility, cover crops also bring challenges
for soil management in the agricultural praxis. Plant or litter material on the soil surface may
hinder efficient machine operation. In Paper 3 we did not find any effect of EM on cover crop
decomposition and therefore conclude that the decomposition process is probably mainly
governed by temperature, soil moisture and the microbial community present in the soil.
Especially, the cover crop moisture content (which is determined by prevailing weather
conditions) has been shown to be the most crucial factor that determines cover crop
decomposition (Thapa et al., 2021). It may be that other microbial inoculants or EM under
different experimental conditions might show an effect on cover crop decomposition but, this
effect is probably very small. Therefore, | conclude that the method to incorporate cover crops
should be chosen according to the crop rotation planning and the prevailing environmental

conditions.
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Abstract

Cover crops are grown between two main crops to reduce periods of bare
fallow. In highly diverse crop rotations, the lengths of break periods between
two main crops vary highly over time and consequently the cover cropping
management differs from year to year. Long-term field trials are thus of limited
use because the same cover cropping approach only appears once in several
years. This increases the need to better determine the immediate effects of dif-
ferent cover cropping strategies on soil properties. This study evaluated two
cover cropping strategies and monitored the temporal development of several
soil properties on six fields in Eastern Switzerland in the 9 months period
between harvest of winter wheat and sowing of spring crops. The two tested
strategies were (a) double cover cropping (DCC) where two cover crops
mixtures were grown subsequently and shallowly (3 cm) incorporated into the
topsoil and (b) permanent soil cover (PSC) with one grass-clover mixture,
which was harvested and thus not incorporated into the soil. Soil samples at
three different soil depths (0-5, 5-10 and 10-20 cm) were sampled four times
in high spatial resolution and analysed using a combined approach of visible
near infrared spectroscopy and conventional lab methods. Differences between
the sampling times and field sites were stronger than effects of different treat-
ments. For soil organic carbon (SOC), no significant difference was measured
between treatments in 0-20 cm soil depth. Only when analysed per depth seg-
ment, the PSC treatment showed significantly higher SOC increase in 5-10 cm
soil depth than the DCC treatment. This could be due to the longer soil cover
and thereby associated longer root growth period in the PSC treatment, leading
to higher below ground C inputs than in the DCC treatment. On the other hand,
the DCC treatment showed generally higher increases in permanganate oxidiz-
able carbon stocks (0-5 cm), microbial C (0-10 cm), microbial N (0-10 cm) and
mineral N (0-10 cm) than the PSC treatment. We conclude that maximizing
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1 | INTRODUCTION

Soil fertility is crucial for sustainable crop production but
is decreasing in arable soils across the world (Lal, 2015).
Depletion in soil organic carbon (SOC) is an important
driver of this process which has also been observed in
Europe (Gubler et al., 2019). The beneficial effects of soil
organic matter (SOM) lie in its dynamic nature where
short-term formation and mineralization of organic matter
influence nutrient availability and crop performance
(Hacker et al.,, 2015; Janzen, 2006). Cover crops are an
important element to promote SOM formation in a crop
rotation (Jian et al, 2020; Kaye & Quemada, 2017,
McClelland et al., 2021; Poeplau & Don, 2015), but region-
specific limitations hamper their adoption in Europe
(Heller et al., 2024). Cover crops, also referred to as catch
crops or intercrops, are sown in the period between two
main crops to avoid periods with bare soil. Additionally,
cover crops can also be undersown in a main crop to
increase the species richness on the field. The major goal
of cover cropping is to improve nutrient cycling, avoid
nutrient losses, increase SOC stocks, enhance microbial
activity, increase soil cover and reduce erosion (Daryanto
et al., 2018; Thorup-Kristensen et al., 2003).

While the overall benefits of cover crops are well docu-
mented, very little information is available on the effects
of different cover cropping strategies on soil properties.
Cover cropping strategies differ in terms of species diver-
sity, incorporation method, biomass input and the fre-
quency they are applied in a crop rotation. All these
factors are relevant for both the decomposition and the
accumulation of organic matter in soil. For example, SOM
formation is more efficient when above ground residues
were mixed with topsoil than just put on the soil surface
(Mitchell et al., 2016, 2018; Sokol et al., 2019).

Several parameters have been suggested to evaluate the
performance of cover crops. Since total SOC is a slowly
reacting C pool, the analysis of labile C fractions to evaluate
the effect of different agricultural management techniques
has been recommended (Bongiorno et al, 2019; Wang
et al., 2014). Among them, permanganate oxidizable carbon
(POXC), also referred as active C, has been shown to be
influenced by cover cropping (Jagadamma et al., 2019;
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cover crop above ground biomass input by planting two cover crops (DCC)
benefitted soil microorganisms on most fields but was less beneficial on SOC
than permanent soil cover (PSC) in 5-10 cm soil depth.

microbial biomass, regenerative agriculture, shallow incorporation, soil fertility, soil organic
matter, soil spectroscopy, temperate climate

Highlights

+ Monitoring of two cover cropping strategies in
high spatial and temporal resolution

« Permanent soil cover (PSC) strategy increased
soil organic carbon in 5-10 cm depth

« Double cover cropping (DCC) increased soil
microbial biomass on most fields

« Above ground biomass input in DCC strategy
increased mineral N on most fields

Lucas & Weil, 2021). Another fast reacting and manage-
ment sensitive C pool is soil microbial biomass carbon
(Cmic), of which some studies have measured an increase
due to cover cropping (Kim et al., 2020). This effect was
more pronounced with species mixtures than with single
species cover crops (Gentsch et al., 2020). Other studies
showed that POXC and Cmic correlate with SOC and
therefore suggested them as indicators for SOC develop-
ment (Bongiorno et al., 2019; Lange, 2015). Besides soil C
fractions, cover crops also influence the soil nitrogen
(N) cycle, whereby some N fractions are more sensitive to
cover cropping than others (Mohammed et al., 2020; Wang
et al., 2007). Similar to SOC, total soil N is a slowly reacting
N pool and cover crop research focuses mainly on the labile
N pools such as mineral N (Nmin) and microbial N
(Nmic). Cover crops use Nmin for their growth and can
thereby prevent the leaching of some Nmin into deeper
soil layers or into ground water (Tonitto et al., 2006). On
the other hand, cover crops enhance the uptake of Nmin
into the microbial biomass (immobilization) because
microbial growth benefits from cover crop's labile C
inputs (in't Zandt et al., 2018).

Two main mechanisms explain the beneficial effects
of cover crops on soil C and N fractions. First, cover crops
increase the organic matter input into the soil. Second,
cover crops are used to suppress weed growth, which
reduces the need for mechanical weed control and
thereby prevents SOC mineralization (Singh et al., 2023).
Traditionally, organic farming systems mainly rely on
cover crops for increasing organic matter inputs whereas
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conservation agriculture systems see the main benefit in
the reduction of soil tillage. In both systems, cover crops
are well established (Biichi et al., 2017; Hubbard, 2013;
Welch et al., 2016). However, the combination of conserva-
tion tillage with organic farming remains challenging
mainly because of increased weed pressure and reduced
yields (Leifeld et al., 2009; Zikeli & Gruber, 2017). In conser-
vation tillage systems, cover crops are often killed with her-
bicides, roller crimper or by frost periods whereas in organic
systems cover crops are normally incorporated by inversion
tillage (Alonso-Ayuso et al., 2020; Wayman et al., 2015).

New cover cropping approaches try to combine
methods from both organic farming and reduced tillage by
shallowly (3 cm) incorporating cover crop mixtures with a
rotary tiller. The resulting plant-soil mixture serves as an
energy source for the soil microbiome. Labile C inputs
enhancing the soil microbiology are a key element for the
stabilization of SOM (Cotrufo et al., 2013). Thereby, the
microbial by-products and the microbial necromass can
play a major role in SOM formation (Kallenbach, 2016;
Miltner et al., 2012; Vidal et al., 2021). This shallow incor-
poration of cover crop mixtures is often used in ‘regenera-
tive agriculture’ that has gained popularity in agricultural
practice in recent years (Giller et al., 2021; Rhodes, 2017),
yet, is still not clearly defined.

Most research on the effects of cover crops focuses on
the comparison between a cover crop treatment and a bare
soil control. However, in Switzerland long-term bare soil
periods are not allowed (Swiss Ordinance 910.13, 2013)
and cover cropping is widely applied (Heller et al., 2024).
Also other European countries try to foster the adoption of
cover crops (Kathage et al., 2022). The question on the
type of cover cropping strategy and their effects on soil
properties will thus become in future more important
than whether or not to implement cover crops at all. In
Swiss organic reduced tillage systems, two different types
of cover cropping are commonly applied in the up to
9 months period between cereal harvest (end of July) and
sowing of a next spring crop (April-May). The so-called
‘double cover cropping’ (DCC) aims to maximize fresh
organic matter into the soil by sowing, growing and
shallowly incorporating a summer cover crop mixture and
a winter cover crop mixture subsequently. The DCC
approach is expected to show beneficial effects on soil
fertility parameters because it has a high above ground
biomass input into the soil that is decomposing in interac-
tion with the soil mineral phase. However, the double
shallow incorporation requires shallow but intensive till-
age that might increase SOM mineralization in the topsoil.
Alternatively, the ‘permanent soil cover’ (PSC) aims for
maximized soil cover and reduced soil tillage. This is
achieved by a temporary ley where the above ground bio-
mass can be harvested and used as forage. The same effect

can also be achieved by undersowing a cover crop with
grasses and clover in the cereal stand and use it as a tem-
porary ley after the cereal harvest. In contrast to DCC, the
PSC approach does not have any above ground biomass
input into the soil but also no disturbance.

Given the increasing implementation of cover cropping,
it becomes more and more relevant to evaluate the effects
of these different strategies as management options on soil
fertility. We thus monitored the immediate effects of the
DCC and the PSC approach on soil C and N fractions at
three different soil depths (0-5, 5-10 and 10-20 cm) over a
period of 9 months in six fields in Switzerland. In highly
diversified crop rotations, a long fallow period that is suit-
able for either the DCC or PSC cover cropping approach
appears only once within several years. For this reason, the
effects of these cover cropping approaches cannot be evalu-
ated in experiments that span over several cropping sea-
sons, as their immediate effects would be covered by any
other crop or management effect. We thus took soil samples
in high spatial and temporal resolution using a combination
of near infrared spectroscopy and conventional lab methods
to enable detection of small changes in the analysed param-
eters. This was done to achieve a better understanding of
the effects of either maximizing cover crop biomass input
(DCC) or soil cover (PSC) on soil fertility using cover crops.
We formulated three hypotheses:

1. Given the short time period of the experiment, SOC
and total N will not significantly differ between the
two treatments.

2. The DCC treatment with above ground biomass input
will show higher labile C and N (POXC and Nmin),
compared to the PSC treatment with no such above
ground biomass input.

3. The DCC treatment with above ground biomass input
will promote the soil microbial biomass (Cmic and
Nmic), compared to the PSC treatment with no such
above ground biomass input.

2 | METHODS

2.1 | Study sites and experimental set-up
The trial was conducted on six agricultural fields in the
canton of Thurgau, Switzerland (Table 1). All fields were at
maximum 12 km apart from each other. In 2019, the mean
temperature in the region was 10.8°C and total annual pre-
cipitation summed up to 815 mm, which was a bit warmer
and drier than the long-term average (1991-2020) of 8.7°C
and 853 mm. The trial comprised the period of 9 months
between cereal harvest at the end of July and sowing of a
cash crop in late spring (Figure 1). Before the onset of the
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TABLE 1

Elevation

Field (ma.s.l)

A 420

B 420

C 600

D 460

E 460

F 380

Trial
area (ha)

0.84

0.67

044

0.64

0.3

Description of the trial sites.

Soil class (world
reference base)

Eutric Cambisol

Eutric Cambisol

Eutric Cambisol

Eutric Cambisol

Eutric Cambisol

Eutric Cambisol

Soil texture (% of
sand/silt/clay)

50/29/21
Sandy loam

44/35/20
Sandy loam

27/35/38
Clay loam

28/44/28
Clay loam

30/48/23
Sandy loam

39/43/18
Sandy loam

pH
(CaCly)
7.18

6.88

6.6

7.49

Crop rotation (4 years
before trial)

2015:
2016:
2017:
2018:
2019:

2015:
2016:
2017
2018:
2019:

2015
2016:
2017:
2018:
2019:

2015:
2016:
2017:
2018:
2019:

2015:
2016:
2017:
2018:
2019:

2015:
2016:
2017:
2018:
2019:

Temporary ley
Celeriac

Rye

Potato

Winter wheat

Potato
Dwarf beans

: Temporary ley

Corn
Rye

: Sugar beet

Winter wheat
Temporary ley
Temporary ley
Winter wheat

Oat

Spelt

Field beans
Red clover
Winter wheat

Spelt

Dwarf bean and peas
Winter wheat

Linen

Winter wheat

Winter wheat
Sugar beet
Corn

Potato
Winter wheat

Last
ploughing
(year)
2012

2016

2015

2018

2018

2017

Fertilization

None

Processed organic fertilizer
(Bio-Enne, Timac Agro,
Switzerland)

N: 72 kgha ™’
C:210kgha !

Applied: 27.04.2020

None

Chicken manure
N: 112 kg ha™'
C:740 kg ha™!
Applied: 01.04.2020

None

None

2
r
y
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FIGURE 1
temperature and total precipitation are indicated.

trial, every field was planted with winter cereal and an
undersown cover crop called GreenCarbonFix that was
purchased at Camena Samen (Germany) and contained six
species: 55% perennial ryegrass (Lolium perenne L.), 25%
crimson clover (Trifolium incarnatum L.), 5% white clover
(Trifolium repens L.), 5% hop clover (Medicago lupulina L.),
5% bird's-foot trefoil (Lofus corniculatus L.) and 5% came-
lina (Camelina sativa L.). After the cereal harvest in July
each field was divided into a PSC plot in the middle and
two DCC plots on both sides. Plot sizes were between 1000
and 3500 m®. Each plot comprised 13 GPS-referenced sam-
pling points (circles with a radius of 1 m) that were homo-
geneously distributed across the plot in an unaligned
design (Webster & Lark, 2013). The results of the two DCC
plots (26 subplots) were combined and referred here as
DCC plot. The unequal sample number for each treatment
was accounted for in all statistical analyses (see Section 2.7).
The management was conducted by the farmers and there-
fore we used a strip design and not a randomized block
design which would have made the machine handling very
complicated. In the DCC plots, two commercial cover crop
mixtures were sown subsequently (Figure 1). The summer
cover crop mixture (Dominanzgemenge; Camena Samen)
was sown after cereal harvest (end of July) and comprised
12 species: 20% buck wheat (Fagopyrum esculentum
MOENCH), 20% flax (Linum usitatissimum L.), 20% serra-
della (Ornithopus sativus BROT.), 8% corn (Zea mays L.),
7% sunflower (Helianthus annuus L.), 5% bristle oat (Avena
strigose SCHREB.), 5% camlina (camelina sativa L.), 4%
winter oilseed rape (Brassica napus L.), 4% white mustard
(sinapsis alba L.), 3% deeptill radish (Raphanus sativus var.
oleiformis), 2% sudan grass (Sorghum sudanense STEUD.),
2% lacy phacelia (Phacelia tanacetifolia BENTH.). After the
shallow incorporation of the fall cover crop in September, a
frost tolerant winter cover crop mixture (Wintergriin,
Camena Samen) was sown that contained five species: 62%
winter rye (Secale cereale L.), 26% Hungarian vetch (Vicia

19.5°C 18.1 °C 9 ° 10.7 °C 34°C 4.7 °C 11.8°C 124°C 15.1 °C
- e
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Spring: Shallow
incorporation

Spring

Winter cover crop crop

Spring

\ crop

Spring: Aboveground biomass
removed, shallowtillage

|
Sampling t;

Sampling t,

Timeline for the two treatments double cover cropping (DCC) and permanent soil cover (PSC). For every month the average

pannonica CRANTZ.), 10% crimson clover (Trifolium incar-
natum L.), 1% winter oilseed rape (Brassica napus L.), 1%
winter turnip rape (Brassica rapa L.). The winter cover crop
was shallowly incorporated at the end of April or beginning
of May. The shallow incorporation was done each time
with a rotary tiller with right-angled knives that cut the
plants 3 cm below the soil surface. The result was a plant
soil mixture on the surface that was left on the soil for
10 days. After that the soil surface was again treated
with a rotary tiller and the winter cover crop, respec-
tively the spring cash crop, was sown. In the PSC plot
the GreenCarbonFix mixture undersown in the cereal
was kept and further on managed equal to a temporary
ley. In fall, when the cover crop in the DCC plot was
incorporated, the PSC plot was mowed and the above
ground biomass was removed from the field. In spring,
when the winter cover crop on the DCC plot was incor-
porated, the PSC plot was mowed again, and the stub-
bles were incorporated the same way as in the DCC plot
using a rotary tiller. The exact dates and management
details of the four sampling times are provided in
Table S.1 and an overview about the used cover crop
mixtures is provided in Table S.2. For the fields E and F,
soil sampling had to be reduced to three time points
because of management issues with the seedbed prepa-
ration in these two fields. Consequently, those two fields
were ploughed in spring and therefore the soil sampling
before the incorporation of spring cover crop (t,) was
the last sampling time on these two fields. All cover
crops were grown without any fertilizer and under
organic farming conditions. Yet, on fields B and D for
the spring cash crop, an organic fertilizer was applied
after cover crop incorporation between t, and ti. Same
amounts of fertilizers were applied on both treatment
plots. The C and N inputs from fertilization can be seen
in Table 1. Right before the cover crops were incorpo-
rated with a rotary tiller (DCC in fall, DCC and PSC in
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