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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 indicatea

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 hasa 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 (around2 weeks) the mixture of cover crop pieces and soil must result in

proper seedbed forthe next crop. One way to make this process easier is to reduce the

amount ofcover 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 showa 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 isa method that provides fast and cheap soil analyses and can therefore

potentially be very useful in short-term soil experiments because the number ofsamples 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 atthe local scale.

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

properties in organic reduced tillage systems. TherebyI 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.

I 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 ofsoil samples (n = 2574) was analyzed ina combined

approach of conventional soil analysis and soil spectroscopy in the visible and near-infrared

range (vis—NIR). Thereby the reasons forthe varying performance ofspectral models between

different fields were analyzed and summarized in Paper 2.A very similar spectral approach

was used ina soil survey in northern Spain (Paper 5) and results are presented to complement

theinsights from Paper 2. The effects of EM on cover crop decomposition were tested ina lab

incubation study and published in paper3 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 ofa 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 forthe soil microorganisms. In the

permanent soil cover (PSC) strategy, the soil was covered forthe 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 mineralN compared tothePSC treatment.I 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 alla good performance, but the

model performance was lower on the two fields with high carbonate content (Paper 2). The

prediction accuracy forfields with high carbonate content could not be improved when data

of all fields were combined to build general models.I 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 tothe labmeasurement error. The application of the same
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spectral approach ata 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) (Paper3 and 4). Thanks toa sterilized control,I 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 thata high-resolution sampling design and the use of spectral methods

allowed to evaluate different cover cropping strategies ina short-term experiment.I 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

Acknowledgement

I would like to thank my supervisors Prof Dr. Chinwe Ifejika Speranza and Dr. Markus Steffens for

their advice and inputs during the whole thesis.I highly appreciated the freedomI had for choosing

my topic and methodology to do this research. In particular,I would like to thank Chinwe forher

confidence, even though it was not always clear where thepathI took would lead us. Manythanks

fornot losing your trust in me. My appreciation also goes to Klaus Jarosch and Laura Summerauer

who always had an open earfordiscussion and any time shared their knowledge and experience.

With your uncomplicated manner very efficient work was possible and paper submission and

revisions could be made on time. ThenI would also like to thank the five farmers for their

participation in the experiment and sharing of their experience. Especially for their cooperation

and consideration during the soil sampling that allowed to gain data with good quality.I wish you

all the best in your farming life and hope that not only your farms but also agriculture asa whole

can benefit from your innovative spirits. The dates fortaking field samples were always depending

3

 Acknowledgement  

3 
 

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, I 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. I 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 

 

Acknowledgement 
I would like to thank my supervisors Prof Dr. Chinwe Ifejika Speranza and Dr. Markus Steffens for 

their advice and inputs during the whole thesis. I highly appreciated the freedom I had for choosing 

my topic and methodology to do this research. In particular, I would like to thank Chinwe for her 

confidence, even though it was not always clear where the path I took would lead us. Many thanks 

for not losing your trust in me. My appreciation also goes to Klaus Jarosch and Laura Summerauer 

who always had an open ear for discussion and any time shared their knowledge and experience. 

With your uncomplicated manner very efficient work was possible and paper submission and 

revisions could be made on time. Then I would also like to thank the five farmers for their 

participation in the experiment and sharing of their experience. Especially for their cooperation 

and consideration during the soil sampling that allowed to gain data with good quality. I wish you 

all the best in your farming life and hope that not only your farms but also agriculture as a whole 

can benefit from your innovative spirits. The dates for taking field samples were always depending 



on weather and management schemes and thanks to the student assistants, Evi Rothenbühler,

Michael Müller, Aline Wicki, Cristina Joss and my brothers Basil und Linus Oberholzer,I could

manage totake all the soil samples atthe right time.I would also like to thank the labtechnicians

Daniela Fischer, Patrick Neuhaus, Maarika Bischoff and René Nussbaumer fortheir uncomplicated

support in the lab. Furthermore,I would also like to thank the studentsI co-supervised in their

Master theses: Maja Schneider, Nadine Harder and Christa Hermann. lt was a pleasure to work

with you andI wish you all the best forthe future. Dr. Karl Herweg was notdirectly involved in my

PhD thesis, but I thank hima lot for introducing me into transdisciplinary teaching and I could

benefita lot from the field course we did together for many years. Besides work also some funis

necessary to keep joyand motivation fora project. Therefore,I thank my PhD colleagues in the

office Ademola Adenle, Pamela Tabi, Chima Iheaturu, Georges Agonvonon, Frank Mintah, Samuel

Hepner and Phydias Agossou forthe interesting discussions during lunch breaks about virtually

everything under the sun that not only helped to geta better focus on the research topics but also

took my horizon beyond the “Ivory tower” of academia. Finally,I would like to thank my wife for

her patience during all the stagesI had to go through.

22.10.2024, Simon Oberholzer

Preface

This thesis was conducted in the group land systems and sustainable land management (LS-

SLM) attheInstitute of Geography atUniversity of Bern in the context of its “sustainable soil

management” project. The content of this PhD thesis was elaborated ina participatory

approach with Swiss farmers who wanttoimprove their management system and keep testing

new methods. As an outputI wrote three research papers and one policy brief asa first author

and contributed to one paper asa co-author.

44 
 

on weather and management schemes and thanks to the student assistants, Evi Rothenbühler, 

Michael Müller, Aline Wicki, Cristina Joss and my brothers Basil und Linus Oberholzer, I could 

manage to take all the soil samples at the right time. I would also like to thank the lab technicians 

Daniela Fischer, Patrick Neuhaus, Maarika Bischoff and René Nussbaumer for their uncomplicated 

support in the lab. Furthermore, I would also like to thank the students I co-supervised in their 

Master theses: Maja Schneider, Nadine Harder and Christa Hermann. It was a pleasure to work 

with you and I wish you all the best for the future. Dr. Karl Herweg was not directly involved in my 

PhD thesis, but I thank him a lot for introducing me into transdisciplinary teaching and I could 

benefit a lot from the field course we did together for many years. Besides work also some fun is 

necessary to keep joy and motivation for a project. Therefore, I thank my PhD colleagues in the 

office Ademola Adenle, Pamela Tabi, Chima Iheaturu, Georges Agonvonon, Frank Mintah, Samuel 

Hepner and Phydias Agossou for the interesting discussions during lunch breaks about virtually 

everything under the sun that not only helped to get a better focus on the research topics but also 

took my horizon beyond the “Ivory tower” of academia. Finally, I would like to thank my wife for 

her patience during all the stages I had to go through. 

 

22.10.2024, Simon Oberholzer 

 

Preface 

This thesis was conducted in the group land systems and sustainable land management (LS-

SLM) at the Institute of Geography at University of Bern in the context of its “sustainable soil 

management” project. The content of this PhD thesis was elaborated in a participatory 

approach with Swiss farmers who want to improve their management system and keep testing 

new methods. As an output I wrote three research papers and one policy brief as a first author 

and contributed to one paper as a co-author.  



Table of content

Table of content

Summary..........................................................................................................................1

Acknowledgement............................................................................................................3

Preface .............................................................................................................................4

Table of content ...............................................................................................................5

Abbreviations ...................................................................................................................6

Part I: Background and overview.......................................................................................7

1. Introduction....................................................................................................................7

1.1. Role of cover crops in soil fertility management .......................................................7

1.2. Agricultural policy frameworks regarding cover cropping and crop rotations in

Switzerland .............................................................................................................................8

1.3. Short-term versus long-term changes in soil organic matter....................................9

1.4. Challenges in measuring changes in soil organic matter related soil properties .... 10

1.5. Soil visible and near infrared spectroscopy forcost-efficient soil sample analysis. 11

1.6. Cover crops in organic reduced tillage systems: decomposition is crucial.............. 12

1.7. A microbial inoculant to accelerate the decomposition of cover crops.................. 13

1.8. Summarizing the identified scientific gaps .............................................................. 13

1.9. Research objectives.................................................................................................. 14

2. Methodology................................................................................................................ 15

2.1. Initiatinga participatory on-farm experiment ......................................................... 15

2.2. Application of vis—NIR spectroscopy........................................................................ 16

2.3. Effects of EM tested ina lab incubation experiment............................................... 17

2.4. Overview of research papers ................................................................................... 17

3. Key insights and discussion .......................................................................................... 19

4. Synthesis and outlook .................................................................................................. 21

Part II: Research papers ...................................................................................................24

Paper 1: Cover crops ......................................................................................................... 24

Paper 2: Soil spectroscopy................................................................................................ 44

Paper 3: Effective Microorganisms ................................................................................... 64

Paper 4:Policy Brief Effective Microorganisms................................................................78

5

 Table of content  

5 
 

Table of content 

Summary .......................................................................................................................... 1 

Acknowledgement ............................................................................................................ 3 

Preface ............................................................................................................................. 4 

Table of content ............................................................................................................... 5 

Abbreviations ................................................................................................................... 6 

Part I: Background and overview ....................................................................................... 7 

1. Introduction .................................................................................................................... 7 

1.1. Role of cover crops in soil fertility management ....................................................... 7 

1.2. Agricultural policy frameworks regarding cover cropping and crop rotations in 

Switzerland ............................................................................................................................. 8 

1.3. Short-term versus long-term changes in soil organic matter .................................... 9 

1.4. Challenges in measuring changes in soil organic matter related soil properties .... 10 

1.5. Soil visible and near infrared spectroscopy for cost-efficient soil sample analysis . 11 

1.6. Cover crops in organic reduced tillage systems: decomposition is crucial .............. 12 

1.7. A microbial inoculant to accelerate the decomposition of cover crops .................. 13 

1.8. Summarizing the identified scientific gaps .............................................................. 13 

1.9. Research objectives .................................................................................................. 14 

2. Methodology ................................................................................................................ 15 

2.1. Initiating a participatory on-farm experiment ......................................................... 15 

2.2. Application of vis–NIR spectroscopy ........................................................................ 16 

2.3. Effects of EM tested in a lab incubation experiment ............................................... 17 

2.4. Overview of research papers ................................................................................... 17 

3. Key insights and discussion .......................................................................................... 19 

4. Synthesis and outlook .................................................................................................. 21 

Part II: Research papers ...................................................................................................24 

Paper 1: Cover crops ......................................................................................................... 24 

Paper 2: Soil spectroscopy ................................................................................................ 44 

Paper 3: Effective Microorganisms ................................................................................... 64 

Paper 4: Policy Brief Effective Microorganisms ................................................................ 78 



Paper 5: Soil survey in northern Spain.............................................................................. 81

5. Bibliography.................................................................................................................. 96

Part IV Appendices.........................................................................................................101

Appendix I: Reflections ..................................................................................................101

6. Data that were notused in publications and reasons for it ......................................

6.1. How to compare changes in soil organic carbon ...................................................

6.2. Prediction of soil texture with vis—NIR spectroscopy ............................................

101

101

105

6.3. Penetrometer Resistance....................................................................................... 107

Appendix Il: Declaration of consent................................................................................108

Abbreviations

Cmic:

DCC:

EM:

Nmic:

Nmin:

POXC:

PSC:

SOC:

vis—NIR:

6

Microbial carbon

Double cover cropping

Effective microorganisms

Microbial nitrogen

Mineral nitrogen

Permanganate oxidizable carbon

Permanent soil cover

Soil organic carbon

Visual and near-infrared

6 
 

Paper 5: Soil survey in northern Spain .............................................................................. 81 

5. Bibliography.................................................................................................................. 96 

Part IV Appendices......................................................................................................... 101 

Appendix I: Reflections .................................................................................................. 101 

6. Data that were not used in publications and reasons for it ...................................... 101 

6.1. How to compare changes in soil organic carbon ................................................... 101 

6.2. Prediction of soil texture with vis–NIR spectroscopy ............................................ 105 

6.3. Penetrometer Resistance ....................................................................................... 107 

Appendix II: Declaration of consent................................................................................ 108 

 

 

Abbreviations 

Cmic:    Microbial carbon 

DCC:    Double cover cropping 

EM:    Effective microorganisms 

Nmic:     Microbial nitrogen 

Nmin :    Mineral nitrogen 

POXC:    Permanganate oxidizable carbon 

PSC:    Permanent soil cover 

SOC:     Soil organic carbon 

vis–NIR:   Visual and near-infrared 

 

  



Part I: Background and overview

Part I: Background and overview

1. Introduction

1.1. Role of cover crops in soil fertility management

Theconcept of soil fertility captures the ability ofa 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 isa relatively narrow term that

focuses on the suitability of soils for agricultural production (Patzel et al., 2000). lt has been

expanded totheterms of soil quality or soil health to account forfurther ecosystem services

like water quality, biodiversity conservation, and climate regulation (Bünemann etal., 2018).

Since in this thesis the focus lies on the question how different cover cropping management

influences the soil conditions for the next crop,I consider soil fertility as the most adequate

and most intuitive term. Soil fertility isa term that does not havea direct corresponding

quantitative measurement and besides the application of visual methods in the field

(Johannes et al., 2017) and some attempts to combine different measurements toa soil

fertility index (Munnaf and Mouazen, 2021), most studies use measurements ofsoil organic

matter stocks asa proxy forsoil 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 asa biological

habitat by itself (Hoffland et al., 2020). lt is difficult to draw conclusion about soil fertility from
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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 intoa more biodiverse

and resilient direction. Main crops normally must fulfill clear requirements in terms ofproduct

quality and efficient machinery use atharvesting which limits the flexibility in the cultivation.

Cover crops, on the other hand, can be handled more flexible and allowa direct focus on the

improvement ofsoil 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 furthermorea 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 (Ökologischer Leistungsnachweis) which also contains regulations

about the bare soil periods (Swiss Ordinance 910.13, 2013) to receive direct payments. Ifa

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 anda next spring

cropa cover crop or temporary ley must be sown. Additionally, there is an incentive payment

perhectare 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,

onlya maximum of50% ofthearable 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 arabie land, at least four different crops must be grown peryear, and for

each crop,a clear pausing length in the crop rotation is specified (Swiss Ordinance 910.13

(2013), Article 16). Thèse regulations along with the dynamic market situation (Bundesamt für

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. Froma 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 etal., 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 tothe long-term changes. Froma 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.,

9
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2015).A sustainable cropping system is therefore mainly interested ina high turn-over of soil

organic matter and needs periods of high organic matter formation (orinputs) that can then

serve asa 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 froma climate

perspective, but relevant in crop production because it might have been very beneficial for

soil microbiology or nutrient supply. Cover crops are seen asa major element ina 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

evaluatea specific cover cropping approach in the long-term because it is probably applied

only once in several years.

Froma farmer's perspective, any measure without direct monetary benefit must pay offina

relevant time scale (Perez et al., 2007), which is probably mainly the performance ofthe crop

in the following year or ina maximum ofa fewyears. 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 etal. (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 changea 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 ofchanges compared tothetotal 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 etal.

(2022) showed with data froma 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) showeda 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 ofdecomposition processes of crop residues, plant roots, cover crop biomass ororganic

fertilizers, playsa major role.A crucial factor is the time point when these organic substances

reacha size of< 2 mm because only then they become part of the soil fine earth that is

normally analyzed (Blume etal., 2016) and classified as soil organic matter. Froma soil fertility

perspective, the whole continuum of the decomposition processes from plant residues

(organic matter> 2mm) aswell as decomposition processes within the soil organic matter

(organic matter< 2mm) areofrelevance 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 tonotonly 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 havea 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 theground soil is burnt at

1150°C and produced CO2 is quantified (Harris et al., 2014). In acidic soils the measured total

carbon ina soil sample equals SOC but in soils containing carbonatea second measurement is

necessary to determine the carbonate content, which makes theanalytical costs per sample

relatively high. Therefore, complementary measurement methods such as visible and near-

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

1.5. Soil visible and near infrared spectroscopy forcost-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 etal., 2015).

In general, spectral data need tobe 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 arestandard to

measure forexample the quality of agricultural products (cereals, forage,...), while in soil

science, spectroscopy is still ina 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 showa

high heterogeneity resulting in often highly skewed distribution of soil properties (Bellon-

Maurel et al., 2010; Brown etal., 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 thefirst vision of replacing standard labmeasurements seems unlikely,

soil spectroscopy hasa 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 hasa high

potential to increase the number ofsamples 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 themanagement

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) anda fast decomposition is desired if the following crop
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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

forseedbed preparation for the next crop. In Switzerland, weather in spring can be cold and

wet which preventsa 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 etal., 2018). Effective microorganisms areadvertised

to havea wide application range that goes farbeyond 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; Khaliq et al., 2006), while studies in Europe

did not detect statistically significant effects of EM (Mayer etal., 2010; Pranagal et al., 2020;

Schenck zu Schweinsberg-Mickan and Müller, 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 ofthedeveloper (Higa, 2003) as well as the conclusion of research studies

that found significant effects (Hu and Qi, 2013; Javaid, 2011; OIIe, 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

et al., 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 oftherest 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 forcover 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 isa 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 ofshort-

term changes in soil properties related to organic matter is challenging (see section 1.3) and

requiresa high spatial and temporal resolution of soil sampling and thereforea large sample

size. Soil vis—NIR spectroscopy has the potential to analyze large number ofsamples but its

suitability in field experiments is understudied. Local spectral models atfield 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 theapplication

of vis—NIR spectroscopy at the local scale and therefore there isa 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 soilC 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 (Paper2

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 toa general model without

substantial decrease in model performance?

C) How do field 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 ina local

experiment improve the statistical power compared toa lower sample size with

conventional analysis?

3) Effect of EM on cover crop decomposition: (Paper3 and 4):

A) Do EM alter the dynamics ofcover 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. Initiatinga participatory on-farm experiment

The starting point for this thesis was a privately organized soil course (Bodenkurs im Grünen,

Konzepte der regenerativen Landwirtschaft), held by the practitioners Dietmar Näser (Grüne

Brücke, 2022) and Friedrich Wenz (Humusfarming, 2022), thatI participated with around 20

farmers in 2017. This course is not offered anymore butfollow-up programs still exist, and

their content can be checked on the websites of Grüne Brücke and Humusfarming.A bigtopic

of the course was cover cropping with shallow incorporation and EM application, which was

assured to show beneficial effects on soil fertility parameters (Näser, 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 werea maximum of12.8 km

apart from one another (Figure 1). The field experiment in this PhD theses took place from
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end ofJuly (cereal harvest) to end of April or beginning of May (sowing of spring crop) and in

this long fallow perioda bare soil treatment is not an option and was therefore also not

considered in the study design.

Figure 1: Location of the sixfields (A-F) in the canton ofThurgau in eastern Switzerland.

2.2. Application of vis-NIR spectroscopy

The need formore studies to contribute to the emerging evidence about the potential of vis—

NIR spectroscopy to complement laboratory soil analysis and thus enablea 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,I took soil samples in the field and conducted the spectroscopy measurements on

dried and sieved samples in the lab. There are three reasons why I did not conduct in situ

measurements on thefield. First,I would nothave 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 isa big advantage to have all soil samples

available in the lab, because the spectra can be analyzed anda representative subset forwet

chemistry analysis can be chosen. With field measurements, the reference samples must be

determined beforehand without knowing if they are representative forthe whole dataset. The

suitability of vis—NIR spectroscopy application in field experiments (objective 2) was evaluated

in Paper2 and Paper 5.
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Part I: Background and overview

2.3. Effects of EM tested ina lab incubation experiment

The scientific literature about the effects of EM on organic matter decomposition (see section

1.7) indicated thata potential effect of EM on cover crop decomposition might, if at all, only

be minor. Therefore,I 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

witha high temporal resolution.

2.4. Overview ofresearch papers

This thesis contains three first author papers, one policy brief and one co-authored paper.

Figure2 shows which of the collected datasets were used in which paper and how these

different papers contribute to the three objectives of this thesis. Table1 provides an overview

about the different research outputs and in which journal they were published or have been

accepted.

Collected dataset Research Papers

Field experiment

in eastern

Switzerland

Lab incubation

study

Soil survey in

northern Spain

Paper1: cover eraopingn organic reduced

ti Image systems: Maximizing soil cDver or plant

aboveground b+omass Input?

Pa per 2: Best performances of visible-near-

infrared models insoils with little carbonate -a

field study in Switzerland

soil properties when amended with effective

microorganisms torimproved cover crop

decomposition

Paper•Q' Can Effective Microorganisms

influenceG reen-ManureDecomposition?

Paper fi* Revegetation is key far soI Organic

carbon sequestration ona oandoned and

degraded land in northern Spain

Objectives

Objective1: Effect of different

cover cropping strategies on sail

fertility

Objective 2:Suitability of vis—

NIR spectroscopy for soil sampling

projects of local extent

Objective3: Effect of EM on

cover crop decomposition

Figure 2: Overview of theconnections between collected datasets, research papers and objectives of this PhD thesis.
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Part I: Background and overview

3. Key insights and discussion

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

aboveground biomass input?

• 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.

• Measurement ofC andN fractions in high spatio-temporal resolution ina field experiment.

• Aboveground biomass input led generally to higher microbial biomass, mineralN and POXC

(0-5 cm) in the DCC treatment.

• The PSC treatment showed significantly higher increase in SOC in 5-10 cm compared tothe

DCC treatment which was probably caused by the higher belowgroundC inputs.

Box 1: Short summary oftheCover 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 poseda challenge to the identification of management

effects. As the pronounced short-term variability was expected beforehand, I chosea

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, totalN and POXC between thetreatments could be

detected. For the whole analyzed soil depth (0-20 cm) we did not find differences between

treatments. Onlywhen 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 andI hypothesize that therefore the belowgroundC 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

founda 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, I measured

generally higher Cmic, Nmic and Nmin in the DCC treatment compared tothePSC treatment.

I 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 ofvisible—near-infrared models insoils with little carbonate —

a field study in Switzerland

• Out of 30 local spectral models, 24 showed an accurate performance (RPD> 2) and six

modelsa low model performance (RPD< 2).

• The low performing models were from thetwo fields with highest carbonate content.

• 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.

• When combining data of different fields to build one general model, fields with high

carbonate content showeda strong decrease in model performance compared tothe local

model.

Box 2: Short summary ofthespectroscopy 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+ 0.55g kg-*) was not much higher

than the labmeasurement error of the conventional lab analysis usinga CNS analyzer (1.011

0.40g kg-1). Additionally, all local models showeda very low bias (see Table2 in Paper 2),

which means that the spectral models did not systematically over- or underestimate the

measured values. However, soils with high carbonate content (FieldsA and F) showed in

generala 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 Paper2 was

applied in Paper5 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 Figure8 in Paper 5). We conclude therefore

that the application of soil spectroscopy in soil survey projects of local extent allows to

increase the number ofsamples atvery little additional costs which can provide more detailed

information than when less samples with only wet chemistry data are used.
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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.  

Paper 2: Best performances of visible–near-infrared models in soils with little carbonate – 

a field study in Switzerland 

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

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

• 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. 

• 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.  



Part I: Background and overview

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

microorganisms forimproved cover crop decomposition

• EM at recommended dose didnot change the soil respiration, nor microbialC and N.

• EM at 100 times of recommended dose showed effects due to added substrate and not due

to the added living microorganisms.

• Seven days after the start of the incubation, EM taxa were only detected in the samples that

were treated witha 100 times higher EM dose than recommended.

• EM didnotcoherently change the concentration of water-soluble ions and elements.

Box 3: Short summary oftheEM 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).I 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 sincea general effect was

lacking,I expect sucha potentially occurring effect to be minor.

4. Synthesis and outlook

Different cover cropping options have different short-term effects as could be shown byPaper

1. Though,a cover cropping strategy must be integrated intoa farming system and therefore

one cover cropping approach cannot be qualified as superior per se compared toanother one.

Taking the main results of the two compared approaches in Paper 1, we found that PSC hada

stronger effect on SOC whereas the DCC approach had a stronger effect on soil

microorganisms. For crop rotations that include crops requiringa 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 througha high

microbial activity. Therefore, in such systemsI 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 ofa

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 witha high number ofsamples. However, asalso shown bythis 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 andeven witha

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 forthese soils. This issue is probably even more important for larger scale spectral

libraries with highly varying carbonate contents.I can imagine three possible ways toaddress

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 bea first step in that

direction. Second, there might bea possibility to “correct”a reflectance spectrum for its

carbonate content as it was e.g. successfully done forthewater 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 theprediction 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 totackle 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 witha high participation of

people working in the agricultural praxis. The participation of practitioners in research projects

has been identified asa 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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Part I: Background and overview

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 Paper3 we didnot 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 aneffect on cover crop decomposition but, this

effect is probably very small. Therefore,I conclude that the method toincorporate 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 toyear. Long-term field trials are thus oflimited

use because the same cover cropping approach only appears once in several

years. This increases the need tobetter 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 the9 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 lm20 cm)were sampled four times

in high spatial resolution and analysed usinga 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 groundC inputs than in theDCC treatment. On the other hand,

the DCC treatment showed generally higher increases in permanganate oxidiz-

able carbon stocks (0—5 cm), microbialC (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 I I NT RO D UC T I ON

cover crop above ground biomass input by planting two cover crops (DC C)

benefitted soil microorganisms on most fields but was less beneficial on SOC

than permanent soil cover (PSC) in 5—10 cm soil depth.

KEYWORDS

microbial biomass, regenerative agnculture, shallow incorporation, soil fertility, soil organic

matter, soil spectroscopy, temperate climate

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 at., 2019). The beneficial effects of soil

organic matter (SOM) lie in its d amic 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 ina crop

rotation (Jian et a1., 2020; Kaye & Quemada, 2017;

McClelland etal., 2021; Poeplau& Don, 2015), but region-

specific limitations hamper their adoption in Europe

(Heller et al., 2U24). Cover crops, also referred to as catch

crops or intercrops, are sown intheperiod between two

main crops to avoid periods with bare soil. Additionally,

cover crops can also be undersowri ina 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

eta1., 2018; Thorup-Kristensen etal., 2003).

While theoverall 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 ina 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, 20 l8; Sokol et al., 2019).

Several parameters have been suggested to evaluate the

performance of cover crops. Since total SOC is a slowly

reactingC pool, the analysis of labileC fractions to evaluate

the effect of different agricultural management techniques

has been recommended (Bongiorno et al., 2019; Wang

etal., 2014). Among them, permanganate oxidizable carbon

(POXC), also referred as active C, has been shown tobe

influenced by cover cropping (Jagadammu ct a1., 2019;

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 ct al., 2020). This effect was

more pronounced with species mixtures than with single

species cover crops (Gentsch ct al., 2020). Other studies

showed that POXC and Cmic correlate with SOC and

therefore suggested them as indicators for SOC develop-

ment (Bongiorno et a1., 2019; Lange, 2015). Besides soilC

fractions, cover crops also influence the soil nitrogen

(N) cycle, whereby someN fractions are more sensitive to

cover cropping than others (Mohammed ct al., 2U2U; Wang

eta1., 2007). Similar to SOC, total soilN isa slowly reacting

N pool and cover crop research focuses mainly on thelabile

N pools such as mineral N (Nmin) and microbial N

(Nmic). Cover crops use Nmin fortheir growth and can

thereby prevent the leaching of some Nmin into deeper

soil layers or into ground water (Tonitto et a1., 2006). On

the other hand, cover crops enhance theuptake ofNmin

into the microbial biomass (immobilization) because

microbial growth benefits from cover crops labile C

inputs (in't Zandt etal., 2018).

Two main mechanisms explain the beneficial effects

of cover crops on soilC 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 (Büchi et al., 2017; Hubbard, 2013;

Welch etal., 2016). However, the combination of conserva-

tion village with organic farming remains challenging

mainly because of increased weed pressure and reduced

yields (Leifeld et al., 2009; Zikeli& Gruber, 2017). ln conser-

vation tillage systems, cover crops are often killed with her-

bicides, roller crimper or by frost periods whereas inorganic

systems cover crops are normally incorporated by inversion

tillage (Alonso-Ayuso etal., 2U2U; 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 witha

rotary tiller. The resulting plant-soil mixture serves as an

energy source for the soil microbiome. LabileC inputs

enhancing the soil microbiology area key element forthe

stabilization of SOM (Cotrufo et a1., 2t)l3). Thereby, the

microbial by-products and the microbial necromass can

playa major role in SOM formation (Kallenbach, 2016;

Miltner et al., 2012; Vidal etal., 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., 2tJ2l; Rhodes, 2017),

yet, is still not clearly defined.

Most research on the e&ects of cover crops focuses on

the comparison betweena cover crop treatment anda bare

soil control. However, in SNtzerland 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 ofa next spring crop (April-May). The so-called

‘double cover cropping’ (DCC) arms to maximize fresh

organic matter into the soil by sowing, growing and

shallowly incorporatinga 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 Sth the soil mineral phase. However, the double

shallow incorporation requires shallow but intensive till-

age that might increase SOM mineralization in the topsoil.

Altematively, the ‘permanent soil cover’ (PSC) aims for

maximized soil cover and reduced soil tillage. This is

achieved bya temporary leywhere theabove ground bio-

mass can be harvested and used as forage. The same effect

can also be achieved by undersowinga cover crop with

grasses and clover in the cereal stand and use it as a tem-

porary leyafter 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 ofcover 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 elects of the

DCC and the PSC approach or soilC and N fractions at

three different soil depths (0—5, 5—10 and 10—20 cm) overa

period of9 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 usinga combination

ofnear infrared spectroscopy and conventional lab methods

toenable detection of small changes in the analysed param-

eters. This was done to achievea better understanding of

the effects of either maximizing cover crop biomass input

(DCC) orsoil cover (PSC) on soil fertility using cover crops.

We formulated three hypotheses:

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 labileC 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 M ET HO DS

2.1 Study sites and experimental set-up

The trial was conducted on six agricultural fields in the

canton ofThurgau, Switzerland (Table 1). All fields were at

maximum 12km apart from each other. In 2019, the mean

temperature in the region was 10.5‘C and total annual pre-

cipitation summed up to515mm, which wasa bit warmer

and drier than the long-term average (1991—2020) of 8.7°C

and 853 mm. The trial comprised the period of9 months

between cereal harvest at the end of July and sowing ofa

cash crop in late spring (Figure 1). Before the onset of the
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T A l3L E 4 Description of the trial sites.

Elevation Trial Soil class (world Soil texture (m of pH

Field (m a.a. 1.) area (ha) reference base) sand/siltfclay) (CaClz)

A 420 0.84 Eutric Cambisol 50/29/21 7. l8

Sandy loam

B 420

D 46O

E 460

F 380

0.67 Eutric Cambisol

600 0.44 Eutric Cambisol

0.64 Eutric Cambisol

1.05 Eutric Cambisol

44/35/20

Sandy loam

27/35/38

Clayloam

28/44/28

Clay loam

30/48/23

Sandy loam

0.3 Eutric Cambisol 39/43/J8

Sandy loam

Crop rotation (4years

before trial)

2015: Temporary ley

2016: Celeriac

2017: Rye

2018: Potato

2019: Winter wheat

6.56 2015: Potato

2Dl6: Dwarfbeans

2017: lemporaiy ley

2018: Corn

2049: Rye

7.19 2015: Sugar beet

2016: Winter wheat

2047: Temporary ley

2018: Temporary ley

2fll 9: Winter wheat

6.88 2DI5: Oat

2016: Spelt

2017: Field beans

2048: Red clover

2019: Winter wheat

6.6 2015: Spelt

2016: Dwarfbean and pcas

2047: Winter wheat

2018: Unen

2fll 9: Winter wheat

7.49 2015: Winter wheat

2016: Sugar beet

20t7: Com

2048: Potato

2019: Winter wheat

Last

ploughüng

#eu)

2012

2015

2018

20T7

Fertilization

None

2016 Processed organic fertilizer

(Bio-Enne, Timac Agro,

Switzerland)

N: 72 kg ha '

C: 210 kg ha°'

Applied: 27.04.2020

None

20T8 Chicken manure

N: 112kg ha ‘

C:740kg ha ’

Applied: 01,04,2020

None

None

2
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Double cover

cropping (DCC)
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FI GU RE 1 Timeline forthe two treatments double cover cropping (DCC) and permanent soil cover (PSC). for every month theaverage

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 {Loliuor perenne L.), 25%

crimson clover ‹Tri%liurn incamatum L.), 59 white clover

[Tri%lium repens L,), 5h hop clover [Medicago lupulina L,),

5‹â bird's-foot trefoil {Lotus corniculotus L.) and 57‹ came-

lina [Comelina sativa L.). After the cereal harvest in July

each field was divided intoa PSC plot in the middle and

two DCC plots on both sides. Plot sizes were between 1fD0

and 3500 m
2
. Each plot comprised 13 GPS-referenced sam-

pling points (circles witha radius of1 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 foreach treatment

was accounted forinall statistical analyses (see Section 2.7).

The management was conducted by the farmers and there-

fore we useda strip design and nota randomized block

design which would have made themachine 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: 209a buck wheat ‹Fagopymm esculentum

MOENCH), 20% flax {Linum usitatissimum L.), 20% serra-

della (Ornifhopus sotivus BROT.), 89 corn (Zca mays L.),

7m sunflower (HeJianihus an nuns L.), 59 bristle oat (Avena

strigose SCHREB.), 57c camlina {camelina sativa L.), 4”/r

winter oilseed rape {Brassica napus L.), 4% white mustard

‹sinapsis alba L.), 39 deeptill radish ‹RaphonuS sotivus var.

oleiformis), 2% sudan grass {Sorghum sudanense STEUD.),

29 lacy phacelia {Phacelia tanocetifolia 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 tsecale cereals L.), 2h7 Hungarian vetch (Uitin

pannonica CRANTZ.), 107a crimson clover Trifoliu or incar-

notum L.),l to winter oilseed rape (Brassica napus L.),l to

winter turnip rape {Brassica mps L.). The winter cover crop

was shallowly incorporated at the end ofApril or beginning

of May. The shallow incorporation was done each time

witha rotary tiller with right-angled knives that cut the

plants3 cm below the soil surface. The result was a plant

soil mixture on the surface that was left on the soil for

l0 days. After that the soil surface was again treated

witha 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 toa temporary

ley. In fall, when thecover crop in the DCC plot was

incorporated, the PSC plot was mowed andtheabove

ground biomass was removed from thefield. In spring,

when thewinter cover crop on the DCC plot was incor-

porated, the PSC plot was mowed again, and the stub-

bles were incorporated the same way asintheDCC plot

usinga 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 fieldsE 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 (to)

the last sampling time on these two fields. All cover

crops were grown without any fertilizer and under

organic farming conditions. Yet, on fieldsB and D for

the spring cash crop, an organic fertilizer was applied

after cover crop incorporation between ›2 and ti. Same

amounts of fertilizers were applied or both treatment

plots. The C and N inputs from fertilization can be seen

in Table 1. Right before the cover crops were incorpo-

rated witha rotary tiller (DCC infall, DCC and PSC in
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spring) 100L ha° commercially purchased effective

microorganisms (EM; Rottelenker, EM Schweiz AG,

Switzerland) were sprayed on the cover crops. The

objective of this measure is to improve the decomposi-

tion process and reduceC and N losses (Oberholzer,

Herrmann, etal., 2tl24). This practice is commonly used

by farmers in the region when they shallowly incorpo-

ratea cover crop and was therefore part of both cover

cropping SyStems.

2.2 Plant biomass sampling

In theDCC plots cover crop biomass was cut right before

cover crop incorporation ina square of 50x 50 cm with

seven replications per field and subsequently dried at

65“C for48h todetermine the dry weight. The sampling

replication with the median weight was ground and ana-

lysed forC and N content by dry combustion (vario

MICRO tube, Elementar, Germany), separately for each

field. The concentrations of plantC and N were multi-

plied by the dry matter weight to obtain the cover cropC

andN input.

2.3 I Soil sampling and sample

treatment

Soil sampling was done before incorporation of the fall

cover crop (t„, September), about4 weeks after the shallow

incorporation (t„ October), in early spring (t„ March) and

about4 weeks after the incorporation of the spring cover

crop (t„ May; Table S.1 in the Supplementary Material).

At every sampling time, three batches of soil samples were

obtained for different analyses. Batch one to determine

SOC, POXC andtotal N was sampled by taking five sam-

ples per sampling point using an auger (0—20 cm, 2 cm

diameter) and subsequently separated per depth segment

of 0—5, 5—10 and 10—20 cm. The GPS reference for each

sampling point was done usinga dGPS device (Geo7X,

Trimble, USA) with an approximate measurement accu-

racy of 10 cm, allowing for point specific monitoring of

soil properties over time. In total, six fields with each three

plots (two DCC, one PSC), each with 13 sampling points,

were sampled in three depths at four (field A, B,C and D)

respectively three (fieldE and F) sampling times which

resulted ina total number of 2574 soil samples. These

samples were dried for 72h or constant weight at 40“C

and sieved to2 mm. Batch two to determine Cmic, Nmic

andNmin wasobtained by randomly sampling 15 subsam-

pies in 0—10 cm depth in four replicates per plot and sam-

pling time (n = 264). Samples were stored at 4"C and

sieved to2 mm before the analysis of Cmic and Nmic.

Thereofa part of sieved soil was frozen at —20*C forthe

analysis of Nmin. Batch three to determine soil bulk den-

sity and soil water content was obtained by sampling three

undisturbed soil cores per plot and sampling time from

0 to 20 cm with5 cm diameter that were taken with an

impact probe (HumaxTube^, Switzerland). These cores

were cutinto5 cm segments, weighed and dried at 105°C

forat least 48h to assess soil bulk density and water con-

tent for each5 cm layer (n = 792),

2.4 I Spectral measurement and

modelling

All 2574 samples ofbatch one were measured witha vis—

NIR spectrometer (350—2500 nm, ASD FieldSpec4 Hi-

Res, Malvern Panalytical, USA) infive replicates usinga

contact probe ina dark room. We treated the samples

from each field as one individual dataset (n = 468 for

fields A, B, C and D and n = 351 for fieldsE and F)

for the spectral modelling. For ever:y field 15% of the sam-

ples were selected as reference samples forwet chemistry

analysis based ona Kennard-Stones algorithm that uses

the principal component scores to selecta representative

subset ofa given dataset (Wadoux, 2021). Therein, sam-

pling times and soil depth were similarly represented.

For each parameter (SOC, POXC andtotal N) and for eveiy

field a spectral model was calibrated with the reference

samples to predict the values for the other samples. For

every spectral model we selected the optimal preprocessing

technique and applied a partial least square regression

(PSLR; Wold etal., 1953).A five times repeated fivefold

cross-validation approach was used to calibrate fora spec-

tral model foreach field and soil property. We evaluated

the model performance using the three model performance

parameters, coefficient of determination (R’), root mean

standard error (RMSE) and theratio of performance to

deviation (RPD) which is the ratio of standard deviation of

the measured reference values to RMSE. According to

Chang et al. (2001) and Zhang etal. (2018) we considered

an RPD above3 as excellent, above2 as accurate, above 1.4

as approximate and below 1.4as poor model performance.

The RMSE hasalways the unit of the measured parameter

and therefore does not allow a generalized evaluation

scheme. The executed preprocessing steps and the accuracy

of the final chosen model forSOC, POXC andtotalN can

be found in Table S.3 in the Supplementary Material. Spec-

tral models forSOC and POXC on fields A and F showed

an approximative performance while all other models

showed an accurate or even excellent performance. The

slightly lower model performance of fieldsA and F can

probably be explained by their higher carbonate content

(see Oberholzer, Summerauer, et a1. (2024)). The RMSE
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