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Abstract  
 

Winter wheat is one of the most important crops cultivated globally. The yield of winter wheat is 
stagnating in several areas of the world since the 1990s. Continuous winter wheat cultivation is 
associated with a marked yield decline that is often attributed to the proliferation of the soil-borne 
pathogen Gaeumannomyces tritici (take-all). However, it is unlikely that this yield decline is solely 
due to take-all, but rather it is the outcome of more complex soil-microbe-plant interactions that 
drive plant-soil feedbacks in the rhizosphere of winter wheat. The soil legacy of the preceding crop 
is a major determinant of the growth and development of the succeeding plant, and it can be 
expected that the rotational position of winter wheat will influence the productivity of the 
following winter wheat. The aim of this thesis was to analyze plant-soil feedbacks in successive 
winter wheat rotations and better understand the observed yield decline. We specifically aimed at 
investigating how the rotational position of winter wheat affects the microbial communities and 
the associated nutrient cycling and enzymatic activity in the soil, and how the root system of winter 
wheat responds to these changes, thereby affecting plant growth and productivity. Finally, we 
looked into the potential of compost and plant growth-promoting rhizobacteria to compensate for 
the growth reduction in continuous winter wheat rotations and provide farmers with a sustainable 
toolbox to safeguard plant productivity and food production. We developed and used novel 
mesocosms for growing winter wheat and employing isotopic tracers to enable the quantification 
of important rhizosphere processes and assess above- and belowground carbon allocation, nitrogen 
uptake and water uptake from various soil layers. We found that there was much higher initial 
nitrate availability in the soil of winter wheat after oilseed rape at the germination and tillering 
growth stage compared to continuous winter wheat, especially in the subsoil. This was associated 
with nitrogen immobilization by the microbial community, which was associated with distinct root 
plastic responses and reduced winter wheat growth early in the growing season. Soil legacy of the 
preceding crop also had a strong influence on soil enzymatic activity and nitrogen cycling as 
indicated by changes in the activity of nitrogen-related enzymes and the abundance of microbial 
nitrogen-cycling genes. We also found a higher and sustained belowground allocation of freshly 
assimilated carbon at the flowering and grain ripening growth stages of winter wheat growing after 
oilseed rape that was available for microbial use, revealing a higher rhizodeposition in non-
successive winter wheat rotations. Non-successive winter wheat converted more of the freshly 
assimilated carbon into biomass and achieved higher yields than continuous winter wheat. Winter 
wheat after oilseed rape exhibited distinct patterns in shaping its microbial community, with a 
higher abundance of taxa involved in important nutrient mineralization processes and capable of 
conferring plant protection against important soil pathogens. Application of both compost and 
plant growth-promoting rhizobacteria caused a positive plant-soil feedback in continuous winter 
wheat cultivation, compensating the growth reduction and yield decline. This work thus 
demonstrated that yield decline in successive winter wheat rotations is dependent on several key 
rhizosphere processes and that soil legacy of the preceding crop is an important driver of the 
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productivity of the succeeding plant. By understanding this phenomenon, we can design resilient, 
productive and multifunctional farming systems that can cope with the increasing adversities of 
climate change without compromising yield production and food security.   
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Zusammenfassung 
 

Winterweizen ist eine der wichtigsten weltweit angebauten Nutzpflanzen. Seit den 1990er Jahren 
stagniert der Ertrag von Winterweizen in mehreren Regionen der Welt. Der kontinuierliche Anbau 
von Winterweizen ist mit einem deutlichen Ertragsrückgang verbunden, der häufig auf die 
Ausbreitung des bodenbürtigen Krankheitserregers Gaeumannomyces tritici (Schwarzbeinigkeit) 
zurückzuführen ist. Es ist jedoch unwahrscheinlich, dass dieser Ertragsrückgang ausschließlich auf 
die Schwarzbeinigkeit zurückzuführen ist. Vielmehr ist er das Ergebnis komplexerer 
Wechselwirkungen zwischen Boden, Mikroben und Pflanzen, die die Rückkopplungen zwischen 
Pflanzen und Boden in der Rhizosphäre von Winterweizen beeinflussen. Das Bodenvermächtnis 
der Vorfrucht ist ein entscheidender Faktor für das Wachstum und die Entwicklung der 
Nachfolgepflanze, und es ist zu erwarten, dass die Fruchtfolge von Winterweizen die Produktivität 
des nachfolgenden Winterweizens beeinflusst. Das Ziel dieser Arbeit war es, die Rückkopplungen 
zwischen Pflanzen und Boden in aufeinanderfolgenden Winterweizen-Fruchtfolgen zu analysieren 
und den Ertragsrückgang besser zu verstehen. Wir wollten insbesondere untersuchen, wie sich die 
Fruchtfolge von Winterweizen auf die mikrobiellen Gemeinschaften und die damit verbundenen 
Nährstoffkreisläufe und enzymatischen Aktivitäten im Boden auswirkt und wie das Wurzelsystem 
von Winterweizen auf diese Veränderungen reagiert und dadurch das Pflanzenwachstum und die 
Produktivität beeinflusst. Schließlich untersuchten wir das Potenzial von Kompost und 
pflanzenwachstumsfördernden Rhizobakterien, um die Wachstumsreduzierung in 
kontinuierlichen Winterweizenkulturen auszugleichen und den Landwirten ein nachhaltiges 
Instrumentarium zur Sicherung der Pflanzenproduktivität und Lebensmittelproduktion an die 
Hand zu geben. Wir entwickelten und verwendeten neuartige Mesokosmen für den Anbau von 
Winterweizen und setzten Isotopentracer ein, um die Quantifizierung wichtiger 
Rhizosphärenprozesse zu ermöglichen und die ober- und unterirdische Kohlenstoffverteilung, 
Stickstoffaufnahme und Wasseraufnahme aus verschiedenen Bodenschichten zu bewerten. Wir 
stellten fest, dass die anfängliche Nitratverfügbarkeit im Boden von Winterweizen nach Raps in 
der Keim- und Bestockungsphase viel höher war als bei kontinuierlichem Winterweizen, 
insbesondere im Unterboden. Dies führte zur Stickstoffimmobilisierung durch die 
Bodenmikroorganismen, was sich in deutlichen plastischen Reaktionen der Wurzeln und einem 
verringerten Wachstum des Winterweizens zu Beginn der Vegetationsperiode niederschlug. Die 
Beeinflussung des Bodens durch die Vorfrucht hatte einen starken Einfluss auf die enzymatische 
Aktivität des Bodens und den Stickstoffkreislauf, was sich in Veränderungen der Aktivität 
stickstoffassoziierter Enzyme und der Häufigkeit mikrobieller, mit dem Stickstoffkreislauf 
assoziierter Gene zeigte. Wir stellten auch eine erhöhte und anhaltende unterirdische Allokation 
von frisch assimiliertem Kohlenstoff in der Blüte- und Kornreifungsphase fest, der für die 
mikrobielle Nutzung zur Verfügung stand, was ein Indikator für eine höhere Rhizodeposition in 
nicht aufeinanderfolgenden Winterweizenfruchtfolgen war. Nicht aufeinanderfolgender 
Winterweizen wandelte mehr des frisch assimilierten Kohlenstoffs in Biomasse um und erzielte 
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höhere Erträge als kontinuierlicher Winterweizen. Die mikrobielle Gemeinschaft von 
Winterweizen nach Raps zeigte bei ihrer Bildung signifikante Muster, die sich durch eine höhere 
Präsenz von Taxa auszeichneten, die an essenziellen Prozessen der Nährstoffmineralisierung 
beteiligt sind und den Pflanzen Schutz vor bedeutenden Bodenpathogenen bieten. Sowohl die 
Anwendung von Kompost als auch von pflanzenwachstumsfördernden Rhizobakterien führte zu 
positiven Rückkopplungen zwischen Pflanze und Boden beim kontinuierlichen 
Winterweizenanbau und glich den Wachstums- und Ertragsrückgang aus. Diese Arbeit hat somit 
gezeigt, dass der Ertragsrückgang in aufeinanderfolgenden Winterweizen-Fruchtfolgen von 
mehreren wichtigen Rhizosphärenprozessen abhängt und dass das Bodenvermächtnis der 
Vorfrucht ein wichtiger Faktor für die Produktivität der Folgefrucht ist. Durch das Verständnis 
dieses Phänomens können wir resiliente, produktive und multifunktionale Anbausysteme 
entwickeln, die den zunehmenden Widrigkeiten des Klimawandels standhalten, ohne den Ertrag 
und die Ernährungssicherheit zu beeinträchtigen. 
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1. Introduction 
 

1.1 Rationale 
Meeting the projected demand for increased agricultural production in the future will not be an 
easy feat. With significantly higher gross domestic product per capita by 2050, higher caloric and 
protein demand per capita will be needed for the different countries (Tilman et al., 2011). It is 
widely accepted that there is a need for enhancing crop yields while adopting new agricultural 
practices based on ecologically intensified and diversified (in time and space) agroecosystems 
(Bommarco et al., 2013). These practices will minimize the need for additional land clearing for 
food production, leading to sustainable farming and therefore food security (Tittonell, 2014). 
Uncertainties in the global winter wheat (WW, Triticum aestivum L.) supply chain are driving 
price surges and exacerbating food inequality (Zhang et al., 2022). This is particularly important 
given the importance of WW to global trade, as it is the most traded cereal in the world, with an 
estimated 25 % of the global production being exported (Erenstein et al., 2022). 
 WW is the most cultivated crop in the world and a staple food for billions of people 
worldwide, contributing significantly to many national economies (Enghiad et al., 2017; Shewry 
and Hey, 2015). Following a linear increase in several countries for many decades, annual WW 
yield growth has stagnated (Fig. 1.1), which is not due to achieving the maximum yield potential 
(Calderini and Slafer, 1998; Ray et al., 2013; Schauberger et al., 2018). To achieve food security 
by 2050, crop yields will need to increase by 2.4 % on an annual basis. For WW, the current yield 
growth of 0.9 % is far from what is needed to meet this demand (Ray et al., 2013). For most 
European countries, the year of stagnation was within the decade of 1989-1999 (Brisson et al., 
2010). 
 There are several drivers behind these yield trends. Important agronomic drivers mainly 
include the increasing proportions of oilseed rape and decreasing proportions of legumes in the 
rotation, followed by an approximately 20 % reduction in the nitrogen (N) fertilization rate since 
the year 2000 (Brisson et al., 2010). The effects of climate change are also important drivers, 
accounting for approximately 10 % of WW yield decreases (Moore and Lobell, 2015). The higher 
frequency of heat stress during WW flowering is projected to be a major threat to WW yield in 
European farming (Semenov and Shewry, 2011). On an international level, climate change and 
especially hot, dry, and windy events as well as prolonged drought periods are expected to further 
increase the yield losses of WW (Zhao et al., 2022; Wang et al., 2024). With respect to soil organic 
carbon (SOC), it has been suggested that increasing SOC in agricultural soils can close nearly half 
of the yield gap for WW; however, the decrease in SOC due to climate change is forecasted to 
exacerbate WW yield losses (Reichstein et al., 2013; Crowther et al., 2016; Oldfield et al., 2019). 
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Figure 1.1 Historical grain yield trends for WW (Modified after Grassini et al., 2013). 

 Due to its high economic value, there is an increasing frequency of repeated WW 
cultivation in the same field during the rotation with only a late summer fallow as a break, ranging 
from 10 % at a Western European scale to 40 % at a global scale (Brisson et al., 2010; Angus et 
al., 2015; Yin et al., 2022). Higher proportions of WW are added in crop rotations, i.e., two or 
three WW crops grown before a break crop (Kwak and Weller, 2013). This, in turn, increases the 
risk for take-all disease (Gaeumannomyces tritici, Gt). Gt is the most important soil-borne fungus 
causing root rotting in WW plants and resulting in significant yield losses (Cook, 2003). Due to 
its ability to survive in a wide range of soil pH and soil moisture, it is a cosmopolitan WW pathogen 
(Kwak and Weller, 2013). WW self-succession has been shown to negatively affect the 
productivity of the subsequently grown WW (Sieling and Christen, 2015) by increasing the 
incidence of take-all (Smagacz et al., 2016). Exploiting the potential of rotations with increasing 
proportions of non-cereal crops such as oilseed rape has been shown to enhance the yield of the 
following WW (Angus et al., 2015; Weiser et al., 2017). When WW is grown after WW in a crop 
rotation, the residues of the previous crop infested with Gt are incorporated into the soil where the 
following WW is sown. The roots of new plants are in contact with those residues, increasing the 
risk of infection. For WW, more than half the root length is in contact with residues, depending on 
plowing depth and preceding crop (Watt et al., 2005). However, this yield decline has also been 
observed in years without an obvious Gt infestation (Arnhold et al., 2023a). In addition, it has been 
proposed that the preceding crop exerts a major influence on the rhizobiome of WW, further 
complicating the yield decline syndrome in successive WW rotations (Giongo et al., 2024). It is 
therefore imperative to research the most important drivers of the WW yield decline to improve 
our understanding of this complex phenomenon that is a global issue in WW cultivation and 
investigate potential measures to address it.  
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1.2 State of the art 

1.2.1 The rhizosphere: a hotspot for interactions 
The rhizosphere is the volume of soil that is directly affected by the roots and is estimated to range 
between 0.5-4 mm from the rhizoplane (RP, i.e., the root surface), which highly depends on the 
plant species (Kuzyakov and Razavi, 2019). It is a dynamic and heterogeneous microenvironment 
with intense interactions between roots, soil microbes, soil minerals, organic elements and gases 
(Fig. 1.2; Philippot et al., 2013; Pausch and Kuzyakov, 2018; Vetterlein et al., 2020). It is estimated 
that the active soil microbial biomass is 2-20 times higher in the rhizosphere than in the bulk soil 
(BS, Blagodatskaya et al., 2009). This high microbial biomass could contribute to the SOC pool 
due to rapid nutrient cycling and microbial life history strategies in the rhizosphere that promote 
the production of microbial necromass-related SOC (Ling et al., 2022; Wang et al., 2024). The 
microbial community composition in the rhizosphere is highly influenced by both abiotic and 
biotic factors. In addition, the plant species and genotype is a major determinant of the rhizosphere 
processes and soil microbial assembly in the rhizosphere (Philippot et al., 2013; Wang et al., 2018). 
The rhizosphere exhibits a dynamic spatial and temporal shape and the rhizosphere extent varies 
depending on the specific parameter, with a larger rhizosphere extent for carbon dioxide (CO2) 
compared to pH (Kuzyakov and Razavi, 2019). Plants allocate freshly assimilated C belowground, 
which is used for root growth (biomass accumulation) and maintenance (as root respiration; Jones 
et al., 2009). Root exudates, sloughed root cells, mucilage and root-respired CO2 are termed 
rhizodeposition and strongly modulate microbial growth and activity in the rhizosphere. The 
turnover time (Tt) for root exudates is very short. In contrast, mucilage, i.e., polysaccharides, 
turnover is much slower (Kuzyakov and Razavi, 2019). Important rhizosphere processes include 
water and nutrient acquisition by roots, active and passive rhizodeposition, microbial utilization of 
these rhizodeposits, O2 and CO2 consumption and release and physico-chemical processes that 
control the transformation of nutrients between different phases (Kuzyakov and Razavi, 2019). 
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Figure 1.2 Magnified section of the root system showing the rhizosphere, soil saprophytic and 
symbiotic microbes, including arbuscular mycorrhizal fungi (reproduced with permission from 
Springer Nature; Philippot et al., 2013). 

 The secretion of low molecular weight organic compounds (sugars, amino acids, phenolic 
compounds and organic acids), stimulates the microbial activity or acts as signals for both 
mutualists and parasites (Hernández-Calderón et al., 2018; Mohan et al., 2020). Especially for soil 
pathogens, the rhizobiome is considered an important line of defense, with nutrient and microsite 
competition, parasitism and antibiosis being the most prominent mechanisms conferring this 
defense (Philippot et al., 2013). Organic acids, such as oxalic, lactic, acetic and citric acids, 
comprise up to 10% of the soil labile C and are known to stimulate mineral weathering and nutrient 
availability for plant uptake (Macias-Benitez et al., 2020). Root tips are the most important root 
part for exudation and the sensing module of the plant for a soil nutrient gradient thereby initiating 
changes in root system architecture for more effective foraging for available nutrients (Canarini et 
al., 2019). The release of primary metabolites (polysaccharides and proteins) to the soil due to root 
exudation creates hotspots for microbial growth, which stimulates soil enzymatic activity and 
nutrient mineralization. Soil microbes also affect root exudation and the chemical composition of 
root exudates through a process called “systemically induced root exudation of metabolites” 
(Korenblum et al., 2020). These interactions influence plant productivity by inducing changes in 
root system architecture and therefore nutrient and water uptake (Galloway et al., 2020). 

1.2.2 Soil legacy: plant-soil feedbacks 
Plants are constantly interacting with their environment and influence soil resource availability 
and thus, soil microbial community shape and activity. This so-called plant-soil feedback (PSF) 
determines plant succession, survival and growth (Bennett and Klironomos, 2019). PSFs can be 
positive, enhancing the growth and dominance of conspecific plants, or negative, favoring 
heterospecific plants and promoting coexistence in diverse plant communities. However, in 
monocultures, negative PSFs often result from soil pathogen accumulation, leading to yield decline 
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in successive WW rotations (van der Putten et al., 2013; Cortois et al., 2016). Several mechanisms 
have been proposed to drive PSF (Fig. 1.3). Plants affect the nutrient content of the soil through 
exudation, nutrient uptake, changes in the quality of their decaying litter and the recruitment of 
soil microbes in their rhizosphere and their associated enzymatic activity. Cellulose-degrading and 
protein-hydrolyzing enzymes, such as BGU and LAP, respectively, affect nutrient availability and 
preferentially enrich copiotrophic and deplete oligotrophic microbes in the rhizosphere, thus 
affecting PSFs (Razavi et al., 2016; S. Liu et al., 2022). The release of fragmented extracellular 
self-DNA (from decomposing plant residues, root exudates, or dead cells) originating from 
conspecifics makes the root system more susceptible to soil pathogens and results in negative PSF 
(Mazzoleni et al., 2015; Idbella et al., 2024). Nutrient depletion and production of low-quality 
residues (high C:N ratio) are usually associated with a negative PSF and suppress the performance 
of heterospecific plants. Negative PSF is mostly due to pathogen accumulation, while positive PSF 
are often linked to the presence of mutualistic symbionts (mainly mycorrhiza) and a favorable 
microbial community (de Vries et al., 2023). It has been suggested that the effects of soil biota-
induced PSF can outweigh that of nutrient-induced PSF (Bennett and Klironomos, 2019). Finally, 
the release of phytotoxic compounds that cause either autotoxicity or allelopathy in conspecifics 
and heterospecifics, respectively, contributes to PSF. Plants also respond to the accumulation of 
soil pathogens by excreting secondary metabolites (e.g., flavonoids) into their rhizosphere, which 
induces systemic resistance and is often associated with a plant fitness cost (Heil, 2002; Vlot et 
al., 2020; Pang et al., 2021). 
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Figure 1.3 Mechanisms underlying plant-soil feedbacks. Blue arrows indicate positive 
relationships; red arrows indicate negative relationships (reproduced from Bennett and 
Klironomos, 2019). 

 Preceding crops influence the microbial communities in the rhizosphere of WW, possibly 
by controlling the quantity and quality of the secreted exudates, leading to changes in the relative 
abundance of certain taxa (Hilton et al., 2018; Babin et al., 2019; Jones et al., 2019; Wen et al., 
2022). Oilseed rape is known to recruit microbial taxa that enhance the growth of the following 
WW (Vujanovic et al., 2012). This might be linked to the control that the preceding crops exert 
over root exudate profiles, soil nutrient dynamics and finally bacterial and fungal abundance 
(Town et al., 2023; Wang et al., 2023). Sun et al. (2024) showed that increasing crop diversity was 
associated with a higher microbial network complexity with a more diverse ecological functioning. 
This effect of the preceding crop can in turn influence root system architecture, including axial 
and lateral root length, width and convex hull area, holding important implications for root 
adaptations under biotic and abiotic stresses and root foraging for nutrients (Freschet et al., 2021; 
Cope et al., 2024). Rhizosphere N cycling is especially important for PSFs, since it controls N 
availability to roots and microbes and can be greatly affected by the preceding crop (Wang et al., 
2023). N cycling in the rhizosphere, quantified as the abundance of N-fixing, nitrifying, and 
denitrifying genes, determines soil N mineralization, transformation and availability for plant and 
microbial uptake (Thion et al., 2016; Liao et al., 2024). 
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1.2.3 Employing isotopes to study plant-soil interactions 
Isotopes have the same number of protons but a different number of neutrons and therefore 
different masses. This results in different physical properties such as reaction kinetics that cause 
fractionation events. The different isotopologues of carbon (C), N, hydrogen (H) and oxygen (O) 
are frequently used to assess C flow (13C, 14C), nutrient cycling (15N, 33P) as well as water flow 
and transport (18O, 2H; He et al., 2009; Brüggemann et al., 2011; Stumpp et al., 2018). 
 H and O isotopes are informative tracers and indicators of root water uptake dynamics. 
With the use of water isotopes, the contribution of different water sources to plant water uptake 
can be quantified (Penna et al., 2020). The soil legacy of the preceding crop exerts control over 
the root shape and growth and could therefore influence water uptake patterns for the following 
plant. Combining 2H/18O with 15N labeling has been proven an insightful approach for studying 
water and N uptake from different soil layers (Chen et al., 2021). This makes them very promising 
for studying PSF in WW rotations. 
 The 13C stable isotopic composition of CO2 has been extensively used to study C cycling. 
Due to fractionation events associated with C fixation and turnover in the different plant parts and 
also in the soil (CO2 diffusion, carboxylation, photorespiration and dark respiration), tracing the 
ratio of CO2 isotopologues can provide useful information about the source (isotopic signature) 
and C allocation and therefore the atmosphere-plant-soil interactions (Brüggemann et al., 2011). 
13C pulse labeling allows assessing root exudation quantity and quality (compound-specific 
composition) and allows distinguishing the root-derived 13C from native SOC. It is a useful 
approach to investigate C allocation across the soil profile and within the different plant organs 
(Bahn et al., 2013) and is greatly influenced by root system architectures and plant developmental 
stage (Sun et al., 2019). The fate of fresh assimilates and their incorporation into microbial biomass 
is an important feature of 13C pulse labeling. Multiple pulses can be implemented across different 
plant growth stages to obtain root-derived C input to the soil in high temporal resolution.  

1.2.4 Green waste compost amendment in the soil to improve wheat 
productivity 

According to the Council Directive 1999/31/EC, the European Countries aim to decrease the 
percentage of organic waste going to landfills by 50% by 2050. At the same time, the Sustainable 
Development Goals set by the United Nations in 2015 aim to address 17 important challenges by 
2030 (Hettiarachchi et al., 2020). These policies and the increase in green urban planning favor 
the recycling of green waste, which is a sustainable, abundant (150 kg of green waste per person 
per year in Europe) and renewable resource (Sæbø and Ferrini, 2006; Viretto et al., 2021). At the 
same time, 2.46 Mg of soil ha-1 year-1 are eroded in the EU with increasing degradation in a global 
setting (Borrelli et al., 2017; Panagos and Borrelli, 2017). It is therefore necessary to explore the 
potential of compost as an agricultural input to improve plant growth, soil quality and farmer’s 
income and promote the transition to a circular economy. 
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 Green waste compost is the result of the aerobic digestion of plant residues and/or plant 
cuttings after pruning. The final product is nutrient-dense and can be applied as a soil amendment 
to support soil structure and/or supply nutrients for plant growth. The composition of green waste 
compost can vary and include the slow decomposing lignin and the moderately decomposing 
hemicellulose and cellulose. Its composition is highly dependent on the plant species used as a 
composting source and the plant developmental stage among others (Reyes-Torres et al., 2018). 
Usually compost has a high SOC content, plant-available N, phosphorus (PCAL) and potassium 
(KCAL, Nobile et al., 2022; Siedt et al., 2021). The organic C of the compost acts as a binding agent, 
increasing soil aggregation, and also provides easily degradable C for microbial uptake, preventing 
mining of native soil organic matter (SOM), which is termed negative priming (Dijkstra et al., 
2013; Siedt et al., 2021; Wang et al., 2022). Compost application at deeper soil layers also 
improves water retention and uptake by the plants (Uhlig et al., 2023; Feifel et al., 2024). 
 Being a nutrient-rich organic amendment (OA), compost can be considered a suitable 
candidate to address the yield decline in successive WW rotations. Given that the WW residues 
are usually of lower quality (C:N of 50-100) than green waste compost, it can be expected that a 
transient N immobilization by soil microbes early in the season causes a growth delay of the 
succeeding WW (Reichel et al., 2018). The mineralization of oilseed rape residues with a lower 
C:N than WW will not create N immobilization conditions in the soil and promote a better early 
establishment for the succeeding WW. However, the plant demand during this early growth is 
relatively small (up to 30 kg ha-1; Sieling et al., 1999), so it is not clear whether distinct soil legacies 
in terms of residual mineral N influence the growth of WW during early growth. In contrast, it 
could be expected that, by matching the microbial stoichiometric C:N:P demand, the compost 
enriches the rhizosphere with copiotrophic microorganisms that exhibit a high enzymatic activity 
and increase nutrient availability in the soil, which further restores plant productivity. For 
successive WW rotations, this could mean that compost application could compensate for growth 
reduction and yield decline. The supply of additional macro- and micronutrients by compost 
application can create a nutritional benefit and thereby a positive PSF for successively grown WW. 
In addition, Tilston et al. (2005) showed that application of green waste compost reduced the 
incidence of Gt severity and yield losses of WW, demonstrating the multiple benefits arising from 
application of OA in crop rotations.  

1.2.5 Inoculation with plant growth-promoting rhizobacteria to improve 
wheat productivity 

Plant-microbe interactions are important drivers of plant productivity, influencing key rhizosphere 
processes. This knowledge has stimulated a relatively new field of research, which assesses the 
potential of beneficial bacteria to promote plant growth under various biotic and abiotic stresses. 
This has led to an extremely high growth rate of the biostimulants market with an estimated market 
size of USD 5.6 billion by the end of 2025 and an annual compound annual growth rate of 13.58% 
(Landeta and Marchant, 2022). 
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 Plant growth-promoting rhizobacteria (PGPR) employ several direct and indirect 
mechanisms to confer plant growth promotion. Some rhizobacteria can enhance nutrient 
availability and uptake by solubilizing potassium (K), phosphate and iron (Fe) from inorganic and 
organic sources. Siderophores, e.g., pyoverdine, pyochelin, azotobactin, salicylic acid, and 
pseudomonine, organic acids, H2S and exopolysaccharides production drive inorganic P 
solubilization, while various enzymes facilitate organic nutrient solubilization (Verma et al., 2011; 
Scavino and Pedraza, 2013; Raymond et al., 2021). PGPR also interfere with plant hormonal 
homeostasis, for example, through the production of cytokinins, gibberellins and indolyl-3-acetic 
acid (Ma et al., 2009; Sokolova et al., 2011; Flores-Félix et al., 2015). These changes modulate 
changes in root system architecture, rhizosphere size, and therefore nutrient uptake by the plants 
(Nacry et al., 2005; Khoso et al., 2024). By increasing important root foraging traits like root 
surface area, primary root elongation, lateral root development, exudation and branching, they can 
improve the nutrient uptake capacity of the plant (Brazelton et al., 2008; Vacheron et al., 2013). 
They are directly involved in disease suppression through niche exclusion and competition against 
soil pathogens in the rhizosphere (Beneduzi et al., 2012; Mariutto and Ongena, 2015). Studies have 
also highlighted the importance of biofilm formation in the RP and the stimulation of induced 
systemic resistance with jasmonic acid or salicylic acid of plants, effectively decreasing the disease 
incidence in the aboveground part of the plant (Pieterse et al., 2003; Danhorn and Fuqua, 2007; 
Beneduzi et al., 2012; Khoso et al., 2024).  
The effects of PGPR vary depending on the specific isolate that is applied, the experimental 
conditions, mode of application, inoculum concentration, compatibility with the plant host, and 
plant growth medium (De Zutter et al., 2022; Khoso et al., 2024). The outcome of the interaction 
between a particular strain and the soil microbial community in field experiments can be 
challenging to predict due to the presence of competitive, mutualistic, and neutral relationships 
among microbes, although a recent meta-analysis suggested that the effects of beneficial 
rhizobacteria are equally observed in field and greenhouse studies (De Zutter et al., 2022). The 
plethora of research on PGPR application renders it a promising practice for the mitigation of 
reduced productivity in successive WW rotations. 
 Root exudation (mainly glucose; GLU) provides labile C to the rhizosphere, which is used 
as an energy source by soil microbes and can stimulate the activity of PGPR, which could manifest 
as enhanced enzymatic production leading to nutrient availability and uptake by WW (Mäder et 
al., 2011). In addition, a soil microbial dysbiosis has been observed by Wu et al. (2018) in WW 
monocropping. Plants actively try to overcome this microbial dysbiosis over the years by altering 
their root exudation profile, which acts as a “cry-for-help” signal to recruit beneficial microbes 
and combat the pathogens or herbivores, and this effect is thought to persist in the soil (Rolfe et 
al., 2019). Whether the external application of beneficial microorganisms can increase the disease 
suppressiveness of successive WW soils remains to be studied. 
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1.3 Experimental approach 
In order to observe the yield decline in successive WW rotations, field studies are the most reliable 
experimental approach. However, field studies are often associated with certain technical 
limitations, especially with respect to access to deeper soil layers. Due to its complex spatial 
distribution and the dynamic interactions between microbes, nutrients and roots, the rhizosphere 
is very difficult to study (Moran and McGrath, 2021). Therefore, mesocosms and rhizotrons are 
useful tools to study plant-soil interactions when the rhizosphere is at the core of the experiment.  
 This thesis capitalized on recent technical and scientific innovations to study the 
rhizosphere processes in successive WW rotations. The rhizotrons used in the experiments of this 
thesis have been developed at Forschungszentrum Jülich, IBG-3, and are described in detail in 
Reichel et al. (2022). They are suitable for root digital imaging, soil sampling from the bulk, root-
affected (RA) and rhizosphere (RH) soil compartment, and facilitate online isotopic 
measurements. They are also non-restrictive for plant growth with dimensions of 2.5 cm × 35 cm 
× 100 cm (W × L × H), resulting in 8750 cm3 volume. On the front and backside of the rhizotrons, 
several hundreds of holes (8 mm ⌀) have been made to allow for soil sampling. Self-adhesive 
transparent sheet is placed on the inside of the rhizotrons. Side holes enable the installation of gas-
permeable tubing at different depths for online isotopic applications. The rhizotrons are also 
suitable for the application of novel in situ imaging of soil enzymes and GLU using optodes 
(Vandooren et al., 2013; Razavi et al., 2016; Hoang et al., 2022). The rhizotrons used in Chapter 
6 were further optimized to control soil temperature and to achieve a relatively realistic soil 
temperature profile along the rhizotron by connecting it to an external cooling unit using insulated 
tubing. As an additional passive insulation step, the rhizotrons were fitted into a polystyrene case 
to minimize heat exchange with the environment. More information on the rhizotrons is shown in 
Chapter 2, Chapter 3, Chapter 4 and Chapter 6. Custom-made cylindrical polyvinyl chloride 
(PVC) sewage pipe mesocosms (135 cm height, 10.5 cm ⌀) with a perforated PVC sleeve at the 
bottom for drainage of seepage water, and perforated opposite sides for minimally destructive soil 
sampling were used in Chapter 5. The mesocosms were placed inside the empty space of a 
lysimeter pit and insulated against ambient weather conditions using polystyrene layers. A detailed 
description of this system is described in Chapter 5. In order to quantify the belowground C 
allocation in real time, we designed an automatic manifold system, based on Rothfuss et al. (2015), 
for sampling CO2 and water vapor at different soil depths of the rhizotrons. Gas-permeable tubing 
was installed at six soil layers in the rhizotrons. Dry synthetic air was directed to the isotope-
specific analyzers through the gas-permeable tubing after 13C pulse labeling, and the δ13C of the 
soil respired CO2 was recorded, providing information on root derived C over a period of several 
weeks. A detailed overview of the manifold system is presented in Chapter 3. 

1.4 Objectives, hypotheses and outline of this thesis 
The yield decline in successive WW rotations has been extensively reported in the past and is most 
commonly attributed to the accumulation of certain soil pathogens, mostly Gt. However, the 
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mechanisms underlying this decline and the soil legacy of contrasting WW rotations have not been 
adequately described. The overall objective of this thesis was to understand how the soil legacy of 
different rotational positions of WW drives PSFs and the performance of the succeeding WW and 
how we can use this knowledge to adopt management practices that aim to mitigate this yield 
decline. The research questions and hypotheses of this thesis were as follows: 

1. How does the rotational position of WW affect the early growth of WW and specifically the soil 
nutrient availability, root growth, bacterial and archaeal community composition, their associated 
enzymatic activity and GLU release in the bulk and RH? (Chapter 2) 

We hypothesized that there would be reduced rhizodeposition in self-successional WW, resulting 
in distinct changes in the microbial community composition and reduced production of hydrolytic 
enzymes. The reduced rhizodeposition in self-successional WW would be followed by changes in 
the microbial community composition and a decreased microbial activity, influencing nutrient 
(especially mineral N) uptake by the plant and plant biomass. 

2. i) How does the rotational position of WW affect the soil microbial activity and specifically the 
activity of C and N acquiring enzymes, and consequently WW growth and productivity; and ii) 
how does the rotational position of WW affect the abundance of the bacteria and archaea and N-
related genes? (Chapter 3) 

We hypothesized that the rotational position of WW would affect the bacterial and archaeal 
community, leading to distinct changes in the bacterial and archaeal community composition. Soil 
microbial activity would be affected by the WW rotational position, resulting in differences in N 
cycling and uptake by the following WW and ultimately influence crop growth and yield. 

3. How do contrasting rotational positions of WW influence the allocation of freshly assimilated 
C in above- and belowground plant parts and its subsequent translocation to the rhizosphere of 
WW? (Chapter 4) 

We hypothesized that the negative soil legacy of successive WW rotations with a lower residual 
mineral N will: i) reduce plant and root growth, which will lead to a limited assimilate supply to 
the root system and the associated microorganisms; and ii) the reduction in root growth will be 
coupled with a decrease in the storage of freshly assimilated C in aboveground plant parts and 
especially sink organs (grains). 

4. i) Can the application of green-waste compost compensate for yield losses in successive WW 
rotations; and ii) how does the application of green-waste compost affect soil above- and 
belowground C allocation patterns, plant N and water uptake in contrasting WW rotations? 
(Chapter 5) 

We hypothesized that the negative soil legacy of successive WW rotations with a lower residual 
mineral N will: i) reduce C allocation above- and belowground in the successive WW rotation 



From Soil Legacy to Wheat Yield Decline: Studying the Plant-Soil Feedback Mechanisms in Wheat Rotations 

12 
 

following a reduction in root growth; ii) compost application would increase C allocation above- 
and belowground, which would stimulate soil microbial activity by enhancing C and N cycling 
enzymes, and iii) this would promote root growth, followed by increased N uptake, enhanced 
subsoil water uptake and finally a higher yield.  

5. How does the inoculation of WW with the plant growth promoting rhizobacterium Bacillus 
pumilus affect the productivity of successive and non-successive WW rotations? (Chapter 6) 

We hypothesized that Bacillus pumilus inoculation would alleviate the negative PSF of 
successively grown WW. 

Chapter 7 provides a synthesis of the conducted experiments, seeks to link their findings to an in-
depth view of the yield decline syndrome in successive WW rotations, and suggests potential 
management practices to compensate for these yield losses.  

This thesis has strived to acquire and link fundamental knowledge on PSFs in contrasting WW 
rotations and, based on this knowledge, to test mitigation practices that can be applied by farmers 
worldwide, who are facing increasingly higher yield variability, largely due to climatic conditions 
and global socio-economic uncertainties, as well as an increased need for a more efficient natural 
resource management in favor of crop yields, economic stability and environmental protection. 
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2. Preceding crop legacy modulates the 

early growth of winter wheat by 

influencing root growth dynamics, 

rhizosphere processes, and microbial 

interactions 
 

Based on: 
Kaloterakis, N., Rashtbari, M., Razavi, B.S., Braun-Kiewnick, A., Giongo, A., Smalla, K., 
Kummer, C., Kummer, S., Reichel, R., Brüggemann, N., 2024. Preceding crop legacy modulates 
the early growth of winter wheat by influencing root growth dynamics, rhizosphere processes, and 
microbial interactions. Soil Biology and Biochemistry 191, 109343. 
https://doi.org/10.1016/j.soilbio.2024.109343 
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2.1 Introduction 
Due to its high economic importance, higher proportions of WW are added to crop rotations by 
growing two or more WW crops after a break crop (Kwak and Weller, 2013). The positive effects 
of adding non-cereal break crops to the rotation have been well established. On a global scale, up 
to 40 % of the cultivated wheat is grown successively, with only a late summer fallow as a break 
(Angus et al., 2015; Yin et al., 2022). However, growing WW successively in the same field 
increases the risk of soil-borne infections, such as the take-all dis- ease caused by Gt, which is the 
most important soil-borne fungal pathogen of WW, causing root rotting and significant yield losses 
(Cook, 2003; Kwak and Weller, 2013). Plant yield is negatively affected by the self-succession of 
wheat in the same field (Sieling and Christen, 2015) due to the increased incidence of (Smagacz 
et al., 2016). The take-all disease persists in wet and dry conditions and can cause a yield decline 
of up to 50 % (Palma-Guerrero et al., 2021). However, it has been recently demonstrated that the 
yield reduction is evident in a dry year with no obvious Gt infection (Arnhold et al., 2023a). Adding 
non-cereal break crops to the rotation, such as oilseed rape, has been shown to enhance the yield 
of the following WW (Angus et al., 2015; Weiser et al., 2017). Nevertheless, the complex 
interactions between pre-crop plants and microorganisms in the rhizosphere remain unclear. 
 WW allocates 20–30 % of the assimilated C belowground through the root (Kuzyakov and 
Domanski, 2000), known as rhizodeposition. Rhizodeposition shapes a dynamic and 
heterogeneous micro- environment in the rhizosphere, which is estimated to extend between 0.5 
mm and 4 mm for different plant species (Kuzyakov and Razavi, 2019) and to be governed by 
mutualistic, parasitic, and neutral interactions between roots and soil microorganisms (Pausch and 
Kuzyakov, 2018). Root exudates are a highly influential pool of organic compounds with a low 
molecular weight, referred to as rhizodeposits, which are secreted into the rhizosphere. They 
provide a nutrient source for soil microbes, stimulating their activity, but also acting as signals for 
both mutualists and parasites, with consequences for plant health (Hernández-Calderón et al., 
2018; Mohan et al., 2020). The efflux of primary metabolites to the soil due to root exudation 
creates a plant C source, which fuels microbial growth and nutrient mineralization, affecting plant 
performance and health. Soil microbes, in turn, influence root exudation by producing extracellular 
enzymes and polymeric sub- stances (Costa et al., 2018; Korenblum et al., 2020). Both processes 
require significant amounts of energy and are therefore an investment from both the plant and 
microbial sides to stimulate their nutrient acquisition as well as proliferation in the soil (Costa et 
al., 2018; Canarini et al., 2019). For plants, this can be exhibited as the stimulation of root growth. 
Plants also excrete secondary metabolites (e.g., flavonoids) into their rhizosphere in response to 
biotic stress and herbivores to induce systemic resistance (ISR; Pang et al., 2021; Vlot et al., 2020). 
Labile SOM and N mineralization following enhanced enzymatic activity (e.g., protein and 
cellulose-degrading enzymes) are thus mediated by root exudation and indirectly increase plant 
nutrient uptake (Meier et al., 2017). These interactions can induce changes in the root system 
architecture and, in turn, influence nutrient and water uptake (Galloway et al., 2020). 
 WW shapes its rhizosphere microbial community through rhizodeposition (Wen et al., 
2022), enhancing nutrient uptake and plant performance. In particular, oilseed rape and legumes 
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as preceding crops have been associated with the selection of beneficial microbial taxa, and the 
suppression of pathogenic microbial taxa, in WW (Vujanovic et al., 2012). This is mainly due to 
differences in the residue quality that affect its decomposition process (Kerdraon et al., 2019). WW 
residues mainly contain cellulose and have a higher lignin content than oilseed rape, decelerating 
their decomposition rate (Pascault et al., 2010). In addition to the soil legacy effect of the residues 
of the preceding crop, GLU release in the rhizosphere of the growing WW, which is affected by 
root growth and functioning, can shape microbial communities and therefore affect the 
productivity of WW (Qi et al., 2022). GLU is the most abundant monosaccharide in the root 
exudates of WW (Yahya et al., 2021) and is a readily available C source for the soil microbiome. 
As such, it can fuel both mutualistic, competitive, and pathogenic interactions between soil 
microorganisms and plants that might affect plant productivity (Philippot et al., 2013). Besides 
root pathogens that can directly affect plant health, such as Gt, the prevalence of other detrimental 
microorganisms in the rhizosphere can compete with roots for available nutrients (Kuzyakov and 
Xu, 2013). This leads to reduced root growth and exudation, which further increases the C cost for 
the soil microbial community, creating negative plant–soil feedback (Cortois et al., 2016; Bennett 
and Klironomos, 2019). Diversified WW rotations with oilseed rape as a preceding crop are known 
to increase WW yield compared to successively grown WW (Kirkegaard et al., 2008; 
Ramanauskienė et al., 2018). Most studies show a positive effect on WW pathogen suppression, 
soil structure, and a high residual N content after oilseed rape harvest (Sieling and Christen, 2015; 
Weiser et al., 2017; Hilton et al., 2018), although these positive effects have not always been 
consistently observed (Arnhold et al., 2023b). 
 Our study aimed to investigate the underlying mechanisms that govern the productivity of 
WW grown in self-succession as opposed to WW grown after a break crop, such as oilseed rape. 
Specifically, we focused on the quantification of root growth parameters and the associated 
biochemical parameters (C and N translocation) as well as on the microbial (bacterial and archaeal) 
compositions in the rhizosphere (RH) and bulk (BS) soil of WW grown in different rotational 
positions. We hypothesized that there would be reduced rhizodeposition in self- successional WW, 
resulting in distinct changes in the microbial community composition and reduced production of 
hydrolytic enzymes. This would result in a decreased microbial activity, influencing nutrient 
(especially mineral N) uptake by the plant and biomass production. 
 To test these hypotheses, an outdoor rhizotron experiment was conducted, contrasting three 
rotational positions of WW. We combined zymography and GLU imaging on WW at the onset of 
stem elongation to observe changes in the activity of two important C- and N- acquiring enzymes, 
β-glucosidase (BGU), and leucine aminopeptidase (LAP) as well as GLU release in its rhizosphere. 
We also combined soil biochemical and microbiome analyses to assess nutrient and C availability 
as well as microbial community composition in the rhizosphere of WW and to understand the 
mechanisms underlying WW performance in those rotational positions. 
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2.2 Materials and Methods 
2.2.1 Experimental design 
The soil was collected in September 2021 from the experimental farm Hohenschulen, Faculty of 
Agricultural and Nutritional Sciences, Kiel University, 54°19′05″N, 9°58′38″E, Germany. The 
crop rotation trial was established in 1989. It included the following factors: a) rotational position 
(oilseed rape, first wheat after oilseed rape, third wheat grown continuously), b) WW varieties (4 
levels), and c) N fertilization levels (4 levels). Composite soil samples for rhizobox experiments 
were taken from oilseed rape (WW grown in this soil is termed W1), first wheat plots (WW grown 
in this soil is termed W2), and third wheat plots (WW grown in this soil is termed W4) (n = 12 
replications) containing the WW cultivar “Nordkap” (SAATEN-UNION GmbH, Isernhagen, 
Germany) and optimal N fertilization (240 kg N ha-1). Soil was collected from the topsoil (0–30 
cm) and subsoil (30–50 cm) and sieved to 2 mm. The residues of the preceding crop were not 
removed from the soil before sampling, and the field was ploughed after sampling. The crop 
rotations are referred to as rotational positions hereinafter. After the harvest of the different 
preceding crops, the plant residues remained on the field. The soil is a Cambic Luvisol of sandy 
loam texture (44 % sand, 35 % silt, and 21 % clay; (Sieling, 2005). The lack of effervescence in 
our soil samples after adding 10 % HCl indicated the absence of carbonates, which was confirmed 
by an average δ13C value of -26.92 ‰ of soil samples analyzed before the start of the experiment. 
Table 2.1 shows some important initial soil biochemical parameters specific to the three rotational 
positions. 
 We conducted an outdoor rhizotron experiment (May 4, 2022 to June 30, 2022) using 
newly designed rhizotrons with a height of 100 cm, a width of 35 cm, and an inner thickness of 
2.5 cm (Reichel et al., 2022). Each rhizotron was wrapped in a 50-mm-thick, aluminum-coated 
Rockwool foil to reduce soil temperature fluctuations inside the rhizotron. Bulk density was 
adjusted to 1.35 g cm-3 and deionized water was added to adjust soil moisture to 70 % water-
holding capacity (215 g H2O soil kg-1) at the onset of the experiment. The plants were subsequently 
rain-fed throughout the experiment. The rhizotrons were placed on the campus of 
Forschungszentrum Jülich, Germany. All rhizotrons were consistently inclined at 45ᵒ to facilitate 
root growth along the lower side of the rhizotrons. WW seeds (cultivar “Nordkap”) were 
germinated on petri dishes with sterile filter paper for 24 h in the dark at 23 °C. One germinated 
seed was subsequently sown into each rhizotron. The plants were not fertilized for the duration of 
the experiment. The plants were harvested at the stem elongation stage Zadoks growth stages 30 
(Zadoks et al. 1974); hereafter termed “BBCH” from the Biologische Bundesanstalt für Land- und 
Forstwirtschaft, Bundessortenamt und CHemische Industrie decimal code system). 
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Table 2.1 Initial rotational position (Rot_pos) specific soil NO3
-, NH4

+, plant-available PCAL, KCAL, 
sulfate (SO4

2-), magnesium (Mg), C:N ratio, pH, dissolved organic C (DOC), microbial biomass 
carbon (Cmic), microbial biomass nitrogen (Nmic) and Cmic:Nmic. Data are mean ± S.E. (n = 9). 
Different lowercase letters in each column denote significant differences between the rotational 
positions at p value ≤ 0.05 using Bonferroni correction for multiple comparisons. ANOVA main 
effects of rotational position are indicated as follows: ns= not significant; * p ≤ 0.05; ** p ≤ 0.01; 
*** p ≤ 0.001. 

Rot_pos NO3
- NH4

+   PCAL KCAL 
 mg N kg-1  mg kg-1 

W1 3.89 ± 0.03a 0.11 ± 0.01  19.3 ± 0.1a 51.3 ± 0.8a 
W2 3.38 ± 0.11b 0.14 ± 0.02  16.1 ± 0.2b 27.8 ± 0.7c 
W4 3.09 ± 0.00b 0.18 ± 0.03   18.4 ± 1.0ab 35.4 ± 0.2b 
ANOVA  *** ns   * *** 
Rot_pos SO4

2- Mg  soil C:N pH 

 mg kg-1    
W1 5.3 ± 0.3a 75.2 ± 1.7  9.74 ± 0.02 6.73 ± 0.003 
W2 3.5 ± 0.2b 76.8 ± 1.4  9.63 ± 0.03 6.76 ± 0.009 
W4 2.9 ± 0.0b 84.6 ± 3.0   9.68 ± 0.08 6.75 ± 0.008 
ANOVA *** ns  ns ns 
Rot_pos DOC Cmic  Nmic Cmic:Nmic 

 mg kg-1  mg kg-1 
W1 29.5 ± 0.3a 57.0 ± 2.0b  8.2 ± 0.2a 7.0 ± 0.3b 
W2 22.6 ± 0.7b 41.2 ± 3.4c  4.3 ± 0.5b 9.6 ± 0.3a 
W4 29.0 ± 0.2a 75.3 ± 1.2a   9.3 ± 0.2a 8.1 ± 0.3b 
ANOVA *** ***  *** ** 

 

2.2.2 Above and belowground plant growth analyses 
The aerial plant parts were split at harvest into pseudostems (hereinafter referred to as stems) and 
leaves. The lower sides of the rhizotrons were then removed, and images of the root system along 
the soil profile were taken with a camera (DSLR Nikon D3500 Kit AF-P VR 18–55 mm, Nikon 
Corp., Tokyo, Japan). The soil profile was then divided into three layers (0–30 cm, 30–60 cm, and 
60–100 cm), and soil samples were taken from two soil compartments, i.e. RH sampled with 
microspatulas from ≤5 mm away from the rhizosphere of primary roots and root-free BS. We 
pooled and mixed subsamples to form a composite sample, and then split it into several parts to 
ensure sufficient soil was collected for every planned analysis. For analysis of microbial biomass 
C and N (Cmic and Nmic), we sampled RA soil from a distance between 5 mm and 20 mm away 
from the RP of primary roots. This measure was taken to ensure that a sufficient amount of soil 
(20 g per sample) was sampled to be used for this specific analysis. The roots were then retrieved 
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after washing off the soil through a 1 mm sieve and stored in 30 % ethanol. They were scanned at 
600 dpi (Epson Perfection V800 Photo, Epson, Japan) and analyzed with WinRhizo® software 
(Regent Instruments Inc., Quebec, Canada) for the following root growth traits: root length, 
average root diameter (Rdia), root surface area, and root volume. The roots were split into seven 
diameter classes: 0–0.05 mm, 0.05–0.1 mm, 0.1–0.5 mm, 0.5–1 mm, 1–1.5 mm, 1.5–2 mm, and 
≥2 mm. Using these root growth traits, we computed the root length density (RLD), the specific 
root length (SRL), and the proportion of root length for the seven root diameter classes. Estimates 
of root tissue density (RTD) were made as described in Rose (2017). All plant materials were 
oven-dried at 60 °C to constant weight (maximum three days) to record their dry weight (DW). 
Ball-milled (MM 400, Retsch, Germany) above- and belowground plant samples, as well as soil 
samples, were weighed into tin capsules (HEKAtech, Wegberg, Germany) to determine the C and 
N content using an elemental analyzer coupled to an isotope-ratio mass spectrometer (EA-IRMS, 
Flash EA, 2000, coupled to Delta V Plus; Thermo Fisher Scientific Inc., Waltham, MA, USA). 

2.2.2 Biochemical soil analyses 
At harvest, soil samples were stored at -25 °C before analysis of mineral N, dissolved organic 
carbon (DOC), and total extractable nitrogen (TN). For the analysis, they were thawed and 
extracted using 0.01 M CaCl2 (soil-to-solution ratio of 1:4 w/v), vortexed, shaken horizontally for 
2 h at 200 rpm, centrifuged for 15 min at 690×g, and filtered through 0.45 μm PP-membrane filters 
(Ø 25 mm; DISSOLUTION ACCESSORIES, ProSense B.V., Munich, Germany). Soil solution 
was stored overnight at 4 ◦C before DOC and TN analysis. Ammonium (NH4

+) was measured by 
continuous-flow analysis (Flowsys, Alliance Instruments GmbH, Freilassing, Germany). Nitrate 
(NO3

-) and sulfate (SO4
2-) were measured by ion chromatography (Metrohm 850 Professional IC 

Anion – MCS, Metrohm AG, Herisau, Switzerland). Mg was measured by inductively coupled 
plasma optical emission spectroscopy (iCAP 6500; Thermo Fisher Scientific Inc., Waltham, MA, 
USA). The pH was measured in the same solution using a glass pH electrode (SenTix® 940, WTW, 
Xylem Analytics, Weilheim, Germany). DOC and TN were quantified with a total organic C 
(TOC) analyzer (TOC-V + ASI-V + TNM, Shimadzu, Japan). Using 0.01 M calcium acetate 
lactate (CAL) instead of CaCl2 and following the same extraction protocol, the PCAL and KCAL 
were measured with inductively coupled plasma optical emission spectroscopy (ICP- OES, iCAP 
6500; Thermo Fisher Scientific Inc., Waltham, MA, USA). 
 The chloroform-fumigation extraction (CFE) method was used to estimate Cmic and Nmic. 
Ten grams of fresh soil stored at 4 °C were weighed in beakers and placed inside a desiccator. 
They were incubated with ethanol-free chloroform (80 mL) at room temperature for 24 h. Soil 
samples were then extracted with 0.01 M CaCl2 and analyzed with a TOC analyzer, as described 
previously. Non-fumigated soil samples were extracted using the same protocol. The difference 
between extracted C and N from fumigated and non-fumigated soil samples was used to calculate 
Cmic and Nmic, using the correction factors 0.45 and 0.4 as the extractable parts of Cmic (kEC) and 
Nmic (kEN), respectively (Wu et al., 1990; Joergensen, 1996). 
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2.2.3 Glucose imaging 
Soil GLU imaging was applied to all rhizoboxes according to Hoang et al. (2022). Accordingly, 
phosphate powder (Sigma P7994) was dissolved in distilled water to make a 100 mL buffer 
solution with a concentration of 0.05 M (pH 7.4). Added to the solution were 1.7 unit/ml GLU 
oxidase from Aspergillus niger (Sigma G7141), 1.5 unit/ml peroxidase from horseradish (Sigma 
P8125), and 200 μM Ampliflu red (Sigma 90,101, Sigma-Aldrich, Darmstadt, Germany) dis- 
solved in 60 μL dimethylsulfoxide. Installed rhizotrons were gently removed to avoid cutting roots. 
Polyamide membrane filters (pore size 0.45 mm – Tao Yuan, China) were cut into 10 × 20 cm 
strips. These membranes were saturated with the prepared reaction mixture solution before being 
attached to the rooted area. After 20 min of incubation (an optimal incubation time was tested in 
advance; time may differ between plant species (Hoang et al., 2022), membranes were quickly 
removed, placed in a dark container, and immediately transferred to the dark room under UV light 
with a wavelength of 355 nm. The magenta-colored area on the membrane indicated GLU 
exudation as hydrogen peroxide generated from a reaction between GLU and GLU oxidase 
enzymes, which was catalyzed by horseradish peroxidase to convert colorless Ampliflu red into 
magenta-colored resorufin (Zhou et al., 1997). 

2.2.4 Zymography 
Zymography (BGU and LAP activity) was performed according to the protocol developed by 
Razavi et al. (2019). A 4-methylumbellifer- yl-β-glucoside (MUF-β) and L-leucine-7-amino-4-
methylcoumarin hydrochloride (AMC-L) (Sigma Aldrich, Germany) solutions were prepared in 
MES buffer (C6H13NO4SNa0.5, Sigma-Aldrich, Darmstadt, Germany) and TRIZMA (C4H11NO3 ⋅ 
HCl, C4H11NO3, Sigma-Aldrich, Darmstadt, Germany), respectively, to make a fluorescent 
solution of 12 mM. The same polyamide membrane filters (Tao Yuan, China) with a pore size of 
0.45 mm were selected to reduce enzyme diffusion through the pores (Razavi et al., 2016). The 
membranes were soaked in the fluorescent solution and then directly applied to the root-exposed 
side of the rhizoboxes before being subsequently covered with aluminum foil to avoid exposure to 
light and drying out. After 1 h of incubation, the membranes were quickly removed, cleaned with 
a soft brush, and exposed to UV light with an excitation wavelength of 355 nm in a dark room. 
 All images were taken with a digital camera (Canon EOS 6D, Canon Inc.) and a Canon 
lens EF 24–105 mm 1: 4 L IS II USM with the setting of aperture and shutter speed at f/5.6 and 
1/10 s (for GLU imaging) and 1/8 s (for zymography), respectively. The calibration lines for GLU 
imaging were prepared by soaking a 4 cm2 membrane in a GLU solution at respective 
concentrations of 0 mM, 2 mM, 4 mM, 6 mM, 8 mM, and 10 mM. The membranes were soaked 
in the respective reaction mixture solution in the same way as mentioned above. Fluorescent 
signals of GLU release on an area basis were calculated based on the volume of substrate solution 
taken up by a fixed membrane size. 
 Zymography processing was calibrated by soaking individual 4 cm2 membranes in MUF 
solution at respective concentrations of 0 mM, 0.2 mM, 0.5 mM, 1 mM, 2 mM, 4 mM, 6 mM, 8 
mM, and 10 mM. These membranes were exposed to UV light in the same way as the samples. 
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Calibrated values were used to quantify the color intensity and to link BGU activity to the grey 
value. Fluorescent signals of MUF on an area basis were calculated based on the volume of 
substrate solution taken up by a fixed membrane size. 
 The image processing and analysis were conducted using the software package ImageJ. 
The hotspot percentage was calculated based on the pixel size proportion of the hot area to the 
entire image. In other words, hotspot areas were determined to have the 25 % higher pixel- wise 
enzyme activities after subtracting background values at zero concentration of the calibration line 
from all zymograms and GLU release images (Ma et al., 2018). Meanwhile, the rhizosphere extent 
of each root was calculated from the root surface. The rhizosphere extent was determined for root 
segments for the following parameters: 1) GLU release and 2) BGU and LAP (soil zymograms). 
To measure the rhizosphere extent, five horizontal transects (angle to the root ~90°) were randomly 
drawn across five randomly selected roots for the GLU release image and BGU zymogram using 
ImageJ. In total, this yielded 25 lines per image as pseudo-replicates, and their mean was used for 
each rhizobox (as a true replicate) (Bilyera et al., 2021). 

2.2.5 Enzyme kinetics and turnover time 
The kinetics of hydrolytic enzymes involved in C and N cycles were measured by fluorimetric 
microplate assays of 4-methylumbelliferone (MUF) and 7-amino-4-methyl coumarin (AMC) 
(Dorodnikov et al., 2009). A fluorogenic substrate based on MUF and one type based on AMC 
were used to assess enzymatic activities: 4-methylumbelliferyl-β-D-glucoside to detect BGU 
activity; L-Leucine-7-amino-4-me- thylcoumarin to detect LAP activity. All substrates and 
chemicals were purchased from Sigma-Aldrich (Darmstadt, Germany). 
 According to German et al. (2011), 1.0 g of soil was suspended in 50 mL of distilled water, 
of which 50 μL aliquots were pipetted into labeled wells of a 96-well microplate (Thermo Fisher, 
Denmark). A 50 μL buffer (MES/Trizma) and 100 μL respective substrate solution were then 
added to each well. The activity of enzymes was measured at three time points: 30 min, 60 min, 
and 120 min using CLARIOstar Plus (BMG LABTECH, Germany) at an excitation wavelength 
of 355 nm and an emission wavelength of 460 nm. We determined enzyme activities over a range 
of substrate concentrations from low to high (0 μmol g-1 soil, 20 μmol g-1 soil, 40 μmol g-1 soil, 60 
μmol g-1 soil, 80 μmol g-1 soil, 100 μmol g-1 soil, 200 μmol g-1 soil, and 400 μmol g-1 soil) to ensure 
the appropriate saturating concentration.  
 Enzyme activities were denoted as released MUF/AMC in nmol per g dry soil per hour 
(nmol MUF/AMC g-1 soil h-1) (Awad et al., 2012), and the affinity constant for each enzyme (Km) 
was expressed in μmol substrate per g dry soil (μmol g-1 soil). Simultaneously, MUF/AMC 
concentrations of 0 nM, 10 nM, 20 nM, 30 nM, 40 nM, 50 nM, 100 nM, and 200 nM were prepared 
to calibrate the measurement. The Michaelis-Menten equation was used to determine the 
parameters of the activity of the enzyme (V): 

𝑉 =
𝑉𝑚𝑎𝑥[𝑆]

𝐾𝑚[𝑆]
   (1) 



From Soil Legacy to Wheat Yield Decline: Studying the Plant-Soil Feedback Mechanisms in Wheat Rotations 

21 
 

where Vmax is the maximum enzyme velocity (a function of enzyme concentration), S is the 
substrate concentration, and Km is the substrate concentration at half-maximal enzyme activity. 
Both Vmax and Km parameters were approximated by the Michaelis–Menten equation (1) with the 
non-linear regression routine of SigmaPlot (v. 12.3). Catalytic efficiency (Ka) was calculated as 
the Vmax-to-Km ratio (Panikov et al., 1992). The substrate turnover rate was calculated by equation 
(2), where Tt is the turnover time (hours) (Zhang et al., 2020).  

𝑇𝑡 =
𝐾𝑚 × [𝑆]

𝑉𝑚𝑎𝑥 + [𝑆]
   (2) 

2.2.6 Soil DNA extraction and 16S rRNA gene amplicon sequencing 
The distinct microbial communities (bacteria and archaea) were accessed using a metabarcoding 
approach (16 S rRNA amplicon sequencing). Total DNA was extracted from 0.5 g of BS and RH 
soil samples using the FastDNA SpinKit for Soil (MP Biomedicals Fast Prep- 24 5G) according 
to the manufacturer’s instructions. This included weighing the soil into the 2 mL bead-beating 
tubes containing the lysis matrix. After adding 978 μL sodium phosphate buffer and 122 μL of the 
MT buffer provided by the kit, samples were vortexed and adjusted for bead beating using the 
FastPrep-24 (2 × 30 s with a 5-min rest, speed 4). Samples were kept on ice until 250 μL of PPS 
(protein precipitation solution) were added. Extraction was performed according to the 
manufacturer’s protocol, and DNA was eluted in 100 μL of DES water. 
 The quantity and integrity of the DNA were checked by Nanodrop and on 0.8 % agarose 
gels, respectively. The libraries from the 16 S rRNA gene amplicon using Uni341 F and Uni806 
R primers and Illumina adaptors (Illumina, San Diego, USA) were performed at Novogene (UK) 
using Illumina MiSeq v2 (2 × 250 bp) chemistry according to the manufacturer’s instructions 
(Illumina, San Diego, USA). Unassembled raw amplicon data were deposited in the National 
Center for Biotechnology Information (NCBI) Sequence Read Archive (SRA) under Bio-Project 
PRJNA942109. 

2.2.7 Amplicon sequence analyses 
The soil sample sequences were analyzed and categorized using the Divisive Amplicon Denoising 
Algorithm (DADA2 v.1.12.1 pipeline; Callahan et al. (2016) in R (v4.2.1; R Core Team, 2022). 
The “FilterAndTrimmed” function was utilized for the quality trimming and filtering processes. 
Reads of less than 100 bp were discarded, and two expected errors were permitted for each read. 
The subsequent steps involved error inference, denoising, and chimera removal. Following quality 
filtering, denoising, and chimera removal, the 16 S rRNA gene amplicon depths of 48 samples 
produced 1,558,139 high-quality 16 S rRNA gene reads, or 32,461 per sample. The amplicon 
sequencing variations (ASVs) were assigned taxonomically using the SILVA database version 138 
(Quast et al., 2013) and then imported into the phyloseq tool in R (McMurdie and Holmes, 2013). 
Unassigned ASVs at the phylum level and any remaining ASVs identified as chloroplasts, 
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mitochondria, or eukaryotes were omitted from the studies. Amplicon sequencing yielded 46,725 
unique ASVs. 

2.2.8 Data analysis 
General linear models (GLMs) were used to test the difference be- tween the means of the response 
variables at a significance threshold of α = 0.05. The factors in the GLM were rotational position 
(W1, W2 and W4), soil compartment (BS, RH), and soil depth (0–30 cm, 30–60 cm, and 60–100 
cm). The Shapiro–Wilk and Levene tests as well as a visual inspection of QQ plots were used to 
test for normality of the residual distribution and homogeneity of variance, respectively. Pairwise 
comparisons were made for soil chemical and enzymatic data using Bonferroni correction to 
identify differences between the response variables. Data transformation was performed when the 
assumptions of GLM failed. Yeo–Johnson (Yeo and Johnson, 2000), Box–Cox (Box and Cox, 
1964), and log transformations were used. The transformation used for a certain variable is 
mentioned in the respective table. Correlation analysis was performed using Pearson’s correlation 
for the response variable and for every level of the rotational position of WW (W1, W2, and W4). 
Since the soil sampling for microbiome data was performed only for soil depths of 0–30 cm and 
30–60 cm, we calculated correlation coefficients for these two depths only, excluding the 60–100 
cm layer from our analysis. Where applicable, we also show the variables related to BS and RH. 
The abovementioned statistical analyses were performed with IBM SPSS Statistics for Windows, 
version 23 (IBM Corp., Armonk, N.Y., USA). Graphs were generated with the ggplot2 package in 
R (v4.2.1; R Core Team, 2022). 
 Relative abundances, alpha and beta diversities, and statistical tests were determined in R 
using specialized R package functions. Rarefaction analysis within the vegan R package examined 
the sequencing depth (Oksanen et al., 2022). The rarefaction curves tended to reach a plateau, 
indicating that the sequencing method supplied sufficient sequences to cover most of the sample 
diversity. Microbial sequences were rarefied for the lowest number of sequences identified among 
all samples, generating a dataset with 22,158 sequences per sample. The alpha diversity indices 
were computed for each rarefied sample using the phyloseq (McMurdie and Holmes, 2013) and 
microbiome (Lahti and Shetty, 2017) R packages. Using 10,000 permutations, Kruskal–Wallis 
tests were employed to evaluate for statistically significant changes in alpha diversity. The 
microbial composition of samples was assessed after transformation to relative abundance. The 
differences in phyla and taxa across samples were visualized using the phyloseq package 
(McMurdie and Holmes, 2013). Permutational multivariate analysis of variance (PERMANOVA) 
was performed to identify significant differences in the WW microbial community composition. 
The beta diversity of the microbial communities was visualized by a principal coordinate analysis 
(PCoA) using the Bray–Curtis distance. 
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2.3 Results 
2.3.1 Effects of rotational position, soil compartment and soil depth on 

winter wheat growth 
The preceding crop history had a pronounced effect on the biomass of the following WW. W2 and 
W4 plants had 43 % and 45 % reduced DW, respectively, compared to W1 (Table A.1; Fig. 2.1a). 
The decline in wheat DW was attributed to a reduction in root and stem biomass for W2, and root, 
stem, and leaf biomass for W4 when compared to W1 (Fig. 2.1a). Higher shoot N concentration 
resulted in a lower C:N ratio for W1 compared to W2 and W4 (Table A.1; Fig. 2.1b). In all 
rotational positions, there was a similar C:N ratio increase within roots, stems, and leaves (Table 
A.1). 

 

Figure 2.1 Effect of the rotational positions on root, stem, leaf dry weight (a) and C:N ratio (b) of 
the following winter wheat at onset of stem elongation (BBCH 30). W1 = first wheat, W2 = second 
wheat, and W4 = fourth wheat after oilseed rape in soil from the experimental farm Hohenschulen 
in Kiel, Germany. Within each plant part, different lowercase letters denote significant differences 
between rotational positions at p ≤ 0.05 according to ANOVA with Bonferroni correction for 
multiple comparisons. 

 There was a strong response of root growth traits to WW rotational position with an overall 
reduction in RLD of 29 % and 31 % for W2 and W4, respectively, mainly in the upper 30 cm of 
the soil (Table A.2; Fig. 2.2a). However, even at a greater depth (60–100 cm), W1 had the highest 
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difference in RLD compared with W4. At this depth, W2 increased its RLD greater than W4, 
which had the lowest values of all three rotational positions.  

 

Figure 2.2 Effect of the rotational positions on root length density (a), root tissue density (b), 
average root diameter (c) and specific root length (d) of the following winter wheat at the onset of 
stem elongation (BBCH 30) at soil depths 0-30 cm, 30-60 cm and 60-100 cm). W1 = first wheat, 
W2 = second wheat, and W4 = fourth wheat after oilseed rape in soil from the experimental farm 
Hohenschulen in Kiel, Germany. Within each soil depth, different lowercase letters denote 
significant differences between rotational positions at p ≤ 0.05 according to ANOVA with 
Bonferroni correction for multiple comparisons. No letters indicate non-significant differences. 
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Similarly, W1 had the highest RTD of all rotational positions, with 58 % and 48 % higher RTD 
values than W2 and W4, respectively (Table A.2; Fig. 2.2b). These differences were apparent in 
both the topsoil and the subsoil. Overall, W1 had thicker roots with an Rdia of 0.28 mm compared 
to 0.25 mm and 0.24 mm for W2 and W4, respectively, a trend that was observed throughout the 
soil profile (Table A.2, Fig. 2.2c). The Rdia of all three rotational positions increased at greater 
soil depth (Table A.2). Finally, W2 and W4 increased their SRL by 28 % and 33 % compared to 
W1, with significant differences along the complete soil profile (Table A.2, Fig. 2.2d). 

2.3.2 Effects of rotational position, soil compartment, and soil depth on 
biochemical soil properties 

More NH4
+ and NO3

- were found in the RH compared to BS and in the 0-30 cm soil layer compared 
to subsoil layers (Table A.3). The rotational position of WW strongly affected mineral N, with a 
42 % and 48 % lower NH4

+ concentration in W1 overall compared to W2 and W4, respectively 
(Fig. 2.3a). In particular, in the uppermost soil depth of W1, there was much less NH4

+ than in the 
same depth of W2 (-54 %) and W4 (-58 %).  

 

Figure 2.3 Effect of the rotational positions on soil NH4
+-N (a) and NO3

--N (b) of the following 
winter wheat at onset of stem elongation (BBCH 30) at soil depths 0-30 cm, 30-60 cm and 60-100 
cm and two soil compartments bulk soil (BS) and rhizosphere soil (RH). W1 = first wheat, W2 = 
second wheat, and W4 = fourth wheat after oilseed rape in soil from the experimental farm 
Hohenschulen in Kiel, Germany. Within each soil depth and soil compartment, different lowercase 
letters denote significant differences between rotational positions at p ≤ 0.05 according to ANOVA 
with Bonferroni correction for multiple comparisons. No letters indicate non-significant 
differences. 
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In addition, a similarly lower NO3- content was found in W1 (-49 % and -36 % compared to W2 
and W4, Fig. 2.3b). Cmic and Nmic were also highly impacted by the rotational position, as shown 
in Fig. 2.4. Cmic was lower by 37 % and 43 % in W1 compared to W2 and W4, respectively (Fig. 
2.4a). Nmic values of W1 were 50 % and 57 % lower than those of W2 and W4 (Fig. 2.4b). Most 
Cmic and Nmic were found in the topsoil (Table A.2). 

 

 

Figure 2.4 Effect of the rotational positions on microbial biomass carbon (Cmic, a) and microbial 
biomass nitrogen (Nmic, b) of the following winter wheat at onset of stem elongation (BBCH 30) 
at soil depths 0-30 cm, 30-60 cm and 60-100 cm. W1 = first wheat, W2 = second wheat, and W4= 
fourth wheat after oilseed rape in soil from the experimental farm Hohenschulen in Kiel, Germany. 
Within each soil depth, different lowercase letters denote significant differences between rotational 
positions at p ≤ 0.05 according to ANOVA with Bonferroni correction for multiple comparisons. 
No letters indicate non-significant differences. 

 The rotational position also had a major influence on DOC levels (Table A.3). W1 soil had 
68 % and 150 % higher DOC concentrations than W2 and W4, respectively (Fig. A.2). A 
significant main effect of soil compartment was shown, with a 74 % higher DOC content in the 
RH compared to BS. Interestingly, the DOC level in the RH of W1 at both subsoil depths (30-60 
and 60-100 cm) was 1.7 and 4.1 times higher than W2 and W4, respectively (Fig. A.2). Similar 
DOC concentrations were observed in the BS in the rotational position and at all three soil depths. 
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2.3.3 Effects of rotational position, soil compartment, and soil depth on 
extracellular enzymes activities  

The Vmax of BGU was higher in W2 compared to W4 (by 27 %). No differences were observed 
between BS and RH, while higher values were observed in the first 30 cm of the soil profile (Table 
A.4). The interaction between rotational position, soil compartment, and soil depth revealed a 91 
% and 169 % higher BGU Vmax in the RH of W1 at 30-60 cm and 60-100 cm of the subsoil, 
respectively, compared to W4. In contrast, W2 and W4 had a higher BGU Vmax in the topsoil 
compared to W1 (by 83 % and 89 %, respectively; Fig. A.5a). The response of the BGU Km to the 
rotational position revealed a 64 % and 68 % reduction in affinity for W2 and W4 compared to 
W1, which was evident in all soil layers (Fig. A.5b). A higher Ka was observed in W1 compared 
to W2 and W4, while a lower substrate Tt was seen in W1 and W2 compared to W4 (Table A.4). 
The Vmax of the LAP of W1 equaled that of W2 and was 32 % higher than that of W4 (Fig. A.5c). 
It was also increased in BS compared to RH, with no obvious differences in its response between 
soil depths. Higher values of Vmax were observed in the BS of W1 in the subsoil layers compared 
to W2 and W4. Soil compartment had a significant effect, with LAP affinity increasing in the RH 
compared to BS (Table A.4). LAP Km was also affected by the rotational position, as shown in 
Fig. A.5d. W2 had a much higher LAP affinity in the RH than BS, while it did not fluctuate 
significantly between the two soil compartments for W1 and W4. LAP Km was higher in W1 
compared to W4 in the BS (58 %) and RH (76 %) (Fig. A.5d). Finally, both Ka and Tt were 
increased in W4 compared to W1 and W2 (Table A.4). 
 Zymography revealed significant differences between WW rotations (Table A.5), with the 
BGU rhizosphere extent of W1 averaging 5.3 mm compared with 2.5 mm for W2 and W4. This 
response was mainly driven by major differences in the lowest soil depth, where the rhizosphere 
extent for BGU was 9 mm compared to 4 mm for W2 and 3 mm for W4 (Fig. 2.5a). In a similar 
manner, the rhizosphere extent for LAP was, on average, 0.36 mm for W1, which was significantly 
higher than for W4 (0.16 mm, Fig. 2.5b). We found a similar, though insignificant, trend of a 
reduced LAP rhizosphere extent for W2 (0.19 mm). In terms of BGU and LAP activity, there were 
no pronounced differences among the fixed factors of the experiment (Fig. 2.5c, d). The same was 
true for the BGU hotspot area, with a decreasing hotspot area percentage at greater soil depths that 
was nonetheless insignificant (Fig. 2.5e). Lastly, the LAP hotspot area for W1 was 96 % higher 
than W2 in the deep subsoil of 60-100 cm (Fig. 2.5f). 
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Figure 2.5 Effect of the rotational positions on rhizosphere extent (RH), activity and hotspot 
percentage of β-glucosidase (BGU) (a, c, e) and leucine aminopeptidase (LAP) (b, d, f) of the 
following winter wheat at onset of stem elongation (BBCH 30) at soil depths 0-30 cm, 30-60 cm 
and 60-100 cm. W1 = first wheat, W2 = second wheat, and W4 = fourth wheat after oilseed rape 
in soil from the experimental farm Hohenschulen in Kiel, Germany. Within each soil depth and 
soil compartment, different lowercase letters denote significant differences between rotational 
positions at p ≤ 0.05 according to ANOVA with Bonferroni correction for multiple comparisons. 
No letters indicate non-significant differences. 
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 GLU imaging revealed significant differences between the GLU rhizosphere extent and 
hotspot area between the three soil layers (Table A.5). This trend followed that of the root growth 
data. We also observed a decreasing rhizosphere extent for GLU in successively grown WW that 
was, however, insignificant (Fig. 2.6a). The same was found for GLU release per surface area (Fig. 
2.6b), with a lower relative amount of GLU release in W2 and W4, although there was no 
significant main effect of the rotational position. However, a significant decline was recorded in 
the GLU hotspot area in the 60-100 cm layer of the soil profile in W2 (-53 %) compared to W1 
(Fig. 2.6c).  

 

Figure 2.6 Effect of the rotational positions on glucose rhizosphere extent (RH, a), release (b) and 
hotspot percentage (c) of the following winter wheat at onset of stem elongation (BBCH 30) at 
soil depths 0-30 cm, 30-60 cm and 60-100 cm. W1 = first wheat, W2 = second wheat, and W4 = 
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fourth wheat after oilseed rape in soil from the experimental farm Hohenschulen in Kiel, Germany. 
Within each soil depth and soil compartment, different lowercase letters denote significant 
differences between rotational positions at p ≤ 0.05 according to ANOVA with Bonferroni 
correction for multiple comparisons. No letters indicate non-significant differences. 

2.3.4 Effects of rotational position, soil compartment, and soil depth on 
microbial community structure and composition  

A significant difference in species richness between W1 and W4 was observed in the BS 
compartment and in the uppermost 30 cm of soil, where W4 presented a higher number of species 
than W1 (Fig. A.6a). Interestingly, there was no influence on the microbial community diversity 
and species evenness distribution expressed as the Pielou index and Shannon index, respectively 
(Fig. A.7a, b). The soil depth had a main effect on the beta diversity parameters (Fig. A.6b). 
According to the PERMANOVA results, the rotational position explained 10.5 % of the variation 
(F = 3.51; p < 0.001) in the microbial community, while soil depth explained 12.3 % of the 
variation observed (F = 5.97; p < 0.001).  
 The main components of the microbial community composition at the phylum level were 
Actinobacteriota, Proteobacteria, Chloroflexi, Gemmatimonadota, and Crenarchaeota. The 
relative abundance of several taxa from Acidobacteriota, Gemmatimonadota, Nitrospirota, and 
Chloroflexi was significantly affected by the rotational position in the BS and RH soils and at 
different soil depths. While in the BS of the plants, the relative abundance of Acidobacteriota was 
not significantly different, we recorded a significantly higher relative abundance of 
Acidobacteriota in the RH of the topsoil and subsoil of W1 compared to both W2 and W4 (Fig. 
2.7a). A decreasing relative abundance of Gemmatimonadota in W4 compared to W1 was found 
in both soil compartments, while the difference between W1 and W2 remained insignificant (Fig. 
2.7b). With regard to Nitrospirota, W1 and W2 had similar relative abundances in both BS and 
the RH (Fig. 2.7c). In the RH, the relative abundance of Nitrospirota was significantly higher in 
both the topsoil and subsoil of W2 compared to W4. Finally, in W1 and W2, there was a much 
lower relative abundance of Chloroflexi compared to W4, and this difference was consistently 
found in BS and RH soil (Fig. 2.7d). 
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Figure 2.7 Effect of the rotational positions on the relative abundance of (a) Acidobacteriota, (b) 
Gemmatimonadota, (c) Nitrospirota and (d) Chloroflexi at soil depths 0-30 cm and 30-60 cm, in 
the two soil compartments bulk soil (BS) and rhizosphere (RH). W1 = first wheat, W2 = second 
wheat, and W4 = fourth wheat after oilseed rape in field soil from the experimental farm 
Hohenschulen in Kiel, Germany. Within each soil depth and soil compartment, different lowercase 
letters denote significant differences between rotational positions at p ≤ 0.05 according to ANOVA 
with Bonferroni correction for multiple comparisons. No letters indicate non-significant 
differences. Effect of the rotational positions on the relative abundance of (a) Acidobacteriota, (b) 
Gemmatimonadota, (c) Nitrospirota and (d) Chloroflexi at soil depths 0-30 cm and 30-60 cm, in 
the two soil compartments bulk soil (BS) and rhizosphere (RH). W1 = first wheat, W2 = second 
wheat, and W4 = fourth wheat after oilseed rape in field soil from the experimental farm 
Hohenschulen in Kiel, Germany. Within each soil depth and soil compartment, different lowercase 
letters denote significant differences between rotational positions at p ≤ 0.05 according to ANOVA 
with Bonferroni correction for multiple comparisons. No letters indicate non-significant 
differences. 



From Soil Legacy to Wheat Yield Decline: Studying the Plant-Soil Feedback Mechanisms in Wheat Rotations 

32 
 

  
In order to examine the relationship between the measured parameters in each rotational position 
and their influence on the different bacterial phyla, we conducted correlation analyses (Tables A9-
A11). At 0-30 cm, the root dry weight (RDW) of W1 was negatively correlated with the relative 
abundance of Gemmatimonadota in the rhizosphere compartment. At 30-60 cm, it was positively 
correlated with the soil NO3

- content in the BS, KCAL in the RH, and the relative abundance of 
Nitrospirota in the RH, but negatively correlated with Chloroflexi in the RH and Acidobacteriota 
in the BS (Table A.9). For W4, the RDW was negatively correlated with the relative abundance of 
Chloroflexi in the RH and Nitrospirota in the RH (Table A.11). For W1 and at 30-60 cm, DOC 
was positively correlated with PCAL in the RH. DOC was also positively correlated with both the 
BGU and LAP reaction rates in the BS. Finally, DOC positively correlated with the relative 
abundance of Nitrospirota in the RH (Table A.9). For W2 and at 0-30 cm, DOC was negatively 
correlated with KCAL in the BS. In the RH, there was a negative correlation between DOC and Cmic 
and a positive correlation between DOC and the relative abundance of Acidobacteriota. As for 
W4, there was a negative correlation between DOC in the RH and BGU rhizosphere extent (Table 
A.11). Cmic exhibited a positive correlation with the LAP hotspot at 0-30 cm of W1, while it was 
negatively correlated with Gemmatimonadota in the BS. At 30-60 cm, it was positively correlated 
with both NO3

- of the RH and Nmic (Table A.9). Cmic of W2 was negatively correlated with both 
Chloroflexi and Acidobacteriota in the RH at 0-30 cm. In the subsoil, it was negatively correlated 
with DOC in the RH (Table A.10). Finally, in the topsoil of W4, Cmic was positively correlated 
with both NH4

+ and NO3
- in the RH and BS, respectively (Table A.11).  

2.4 Discussion 
2.4.1 Root plastic responses drive nutrient supply and plant biomass 

accumulation in winter wheat rotations 
Successively grown WW appeared to prioritize soil exploration, shaping a thinner and less dense 
root system, as indicated by its higher SRL, lower Rdia, and RTD. It should be noted that the overall 
RLD and SRL followed a similar trend for each measured diameter class in the rotational positions. 
In a field trial with silty loam soil, (Arnhold et al., 2023b) found no differences in RLD between 
the first WW after oilseed rape, the second WW after oilseed rape, and WW monoculture at the 
end of tillering. However, when they measured RLD during late flowering in a year with high 
summer precipitation, the wheat after oilseed rape had a significantly higher RLD than the 
successively grown WW in the topsoil. In the sandy loam soil of our study, we documented an 
early reduction in RLD in successive WW rotations during the relatively dry period of the trial 
(Fig. A.1). Therefore, the soil type and environmental conditions are strong determinants of the 
effect of the WW rotational position on its plant biomass accumulation. 
 Differences in root growth patterns might explain the more efficient N, P, and K uptake in 
W1, leading to lower mineral N, P, and K concentrations in the soil of W1 at BBCH 30 and, 
therefore, an increased N, P, and K supply to the plants, which is reflected in the lower C:N ratios 
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of W1 compared to W2 and W4 (Fig. 2.1a and b; Table A.6). A higher N uptake by maize plants 
was previously found in diversified crop rotations (maize, soybean, three-year wheat rotation with 
red clover and rye cover crops) and was associated with a higher C and N enzymatic activity of 
soil microbes (Bowles et al., 2022). In our study, there was a positive correlation between the 
RDW and the KCAL in the topsoil of W1, but this was not the case for W2 and W4. In the topsoil, 
the SRL of W1 was negatively correlated with NH4

+ in the RH and KCAL (Table A.9). The SRL of 
plants tends to increase under biotic and abiotic stresses (Kramer-Walter et al., 2016; Kaloterakis 
et al., 2021; Lopez et al., 2023), while RLD and Rdia are reduced (Kramer-Walter et al., 2016; 
Lopez et al., 2023). Accordingly, the SRL of W2 was negatively correlated with RLD and the 
RDW (Table A.10). Kelly et al. (2022) found a higher SRL in WW landraces grown under 
conditions of low nutrient availability, while landraces with a higher proportion of coarse roots 
were associated with higher extractable C pools in the RH. The higher NH4

+ was positively 
correlated with the Rdia of W1, especially in the subsoil (Table A.9). W1 is also associated with 
high residual mineral N in the soil after harvest (10–20 kg N ha-1) that is readily available for 
uptake by W1 (Weiser et al., 2017). Our data suggest that this available N stimulated the early 
growth of W1, enabling the vigorous establishment and exploitation of the rhizobox soil volume. 
Due to their initial root growth reduction, W2 and W4 did not fully utilize the N reservoir of the 
soil, resulting in higher mineral N in the soil at the end of the experiment. 

2.4.2 High microbial biomass and low labile C in the soil of successive 
winter wheat rotations induce N immobilization  

In a recent field experiment, Yang et al. (2022) found that Cmic and Nmic increased in parallel with 
WW dry matter accumulation throughout the growth period. In our experiment, the highest plant 
biomass-yielding rotational position, W1, had much lower Cmic and Nmic values at all three soil 
depths, confirming the results of the afore- mentioned study. Typically, higher root biomass is 
associated with increased Cmic (Lange et al., 2015). However, changes in root biomass may be 
more accurately linked to changes in microbial diversity, thus explaining the trends observed (Fig. 
A.6) in this experiment (Ren et al., 2017). Hansen et al. (2019) reported a similar decline in Cmic 
when oilseed rape was introduced into successive wheat mono- cultures and attributed this effect 
to the biocidal properties of its secondary metabolite, isothiocyanate. The initial soil biochemical 
properties of the three rotational positions (Table 2.1) showed a higher Cmic in the soil of W4 and 
a higher Cmic:Nmic ratio for W2 compared to W1. The higher Cmic, Cmic:Nmic ratio, and lower soil 
mineral N indicate a significant initial N limitation of the soil microbial community of successively 
grown WW. The high initial DOC content of the soil (Table 2.1) induced rapid microbial regrowth 
after the initial adjustment of the water-holding capacity (WHC), resulting in N immobilization 
that may have affected plant growth. The higher Cmic measured at the end of the experiment was 
not utilized as an N source (i.e. mineralization of microbial biomass and N release) by W2 and 
W4, leading to lower plant biomass and a higher plant C:N ratio. 
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2.4.3 Microbial activity in the rhizosphere of winter wheat is highly 
dependent on its rotational position 

The combination of zymography with the quantification of enzyme kinetic parameters 
complemented each other and improved our understanding of the microbial activity and the 
nutrient transformations in the rhizosphere of WW. Zymography is an invaluable technique to 
demonstrate the dynamics of enzymatic activity at very small spatial scales (Razavi et al., 2019; 
Guber et al., 2021). Soil microbes in successive WW rotations invested less in BGU and LAP 
secretion compared to those in the RH of W1, especially in the subsoil. The absence of the main 
effect of soil depth on soil enzymatic activity, together with the high root growth and DOC content 
in the subsoil, imply that the soil microbes sustained their metabolic function at greater depth. This 
was evident for all three rotational positions. 
 The zymograms of BGU and LAP showed a narrower rhizosphere extent in the topsoil of 
W2 and W4 compared to W1 (Fig. 2.5). This suggests that the root system of W1 stimulated 
microbial activity, increasing GLU and leucine release, which can be directly utilized by microbes. 
As a result, the microbes in the RH of W1 (and partially of W2) (such as taxa belonging to the 
Gemmatimonadota, Acidobacteriota, and Nitrospirota) were able to utilize the DOC and N in the 
RH more effectively than the microbes in the RH of W4 (Fig. 2.3, Fig. A.2). Plants as well as 
bacteria and archaea (Singh et al., 2016; Bilyera et al., 2021) produce BGU, an enzyme important 
in the first step of cellulose degradation, which is the major component of plant cell walls. 
Microbes have a weaker ability to utilize low molecular weight C when competing with plants for 
available nutrients, with DOC content being a strong determinant of the outcome of this interaction 
(Kuzyakov and Jones, 2006; Song et al., 2020). Complementing our findings on the DOC of the 
RH, we found a larger GLU hotspot area in W1 compared to W2 and W4. Labile C is considered 
critical for maintaining the pathogen-suppressive qualities of agricultural soils, irrespective of the 
total SOM content (Bongiorno et al., 2019), which could have confounded the biocidal soil legacy 
of oilseed rape. 
 Depth-specific comparisons revealed differences in the activity of the previous C- and N-
cycling soil enzymes between all three rotational positions. Interestingly, BGU activity was 
significantly higher in the RH and in the topsoil of W2 and W4 than in W1. This pattern could be 
explained by the accumulation of less labile organic matter from the wheat residues in the 
uppermost soil layers in successively grown WW (Cenini et al., 2016; Ni et al., 2020; Luan et al., 
2022), which may have stimulated the growth of cellulose-degrading microbes. This, in turn, led 
to higher BGU activity in the topsoil and Cmic throughout the soil profile (Zhao and Zhang, 2018; 
Reichel et al., 2022). Soil microorganisms thus synthesize BGU in response to the presence of a 
decomposable substrate that must be degraded (Turner et al., 2002; Veres et al., 2015). 
 The larger LAP hotspot area in W1 compared to successively grown WW indicates a larger 
overall rhizosphere size, which affects a larger soil volume and thus induces positive soil feedback 
for W1. This may have contributed to the observed N limitation of successively grown WW. 
Protein-derived N accounts for 40 % of total soil N and is a crucial N source for microbes and 
plants, but it is also a precursor for mineral N production that is available for plant uptake (Rillig 



From Soil Legacy to Wheat Yield Decline: Studying the Plant-Soil Feedback Mechanisms in Wheat Rotations 

35 
 

et al., 2007; Paungfoo-Lonhienne et al., 2008; Näsholm et al., 2009). It is likely that these 
differences in the form of organic N in the soil of the rotational position stimulated LAP activity 
in W1 and repressed it in successively grown WW, with an increasing size of effect from W2 to 
W4. Emmett et al. (2020) showed that plant N uptake and LAP activity are coupled in sunflower 
(Helianthus annuus L.), buckwheat (Fagopyrum esculentum Moench), Sudan grass (Sorghum x 
drummondii (Nees ex Steud.) Millsp. & Chase), Japanese millet (Echinochloa esculenta (A. 
Braun) H. Scholz), and maize (Zea mays subsp. mays L.) during flowering, and attributed this to 
the priming of soil organic N that is available for plant uptake. We observed that higher 
concentrations of DOC and NH4

+ were accompanied by higher LAP activity and substrate affinity 
in the RH (Fig. A.5, Fig. 2.5). However, the literature is inconclusive regarding the impact of 
inorganic N on LAP activity (Cenini et al., 2016; Shi et al., 2016). 

2.4.4 The rotational position of WW shapes the soil microbial community 
composition 

The higher richness of bacterial taxa in the BS of W4 compared to W1 and W2 suggests that 
successive wheat cultivation selects a broader spectrum of bacteria that are better adapted to the 
specific soil conditions (Mayer et al., 2019). Previous research has shown that pre- ceding crops 
affect the microbial communities in the wheat rhizosphere (Hilton et al., 2018; Babin et al., 2019). 
Oilseed rape is known to recruit microbial taxa that enhance the growth of the following WW 
(Vujanovic et al., 2012). This might be linked to the control that the preceding crops exert over the 
quantity and quality of the secreted exudates, leading to changes in the relative abundance of 
certain taxa (Jones et al., 2019; Wen et al., 2022). In addition, we observed only minor differences 
between BS and RH compartments, which is in contrast to other studies reporting pronounced 
differences between soil- and root-associated communities (Schreiter et al., 2014; Bziuk et al., 
2021). These findings suggest that our non-destructive sampling technique using micro- spatulas 
may have been constrained by the distance at which we were able to collect soil samples from the 
vicinity of the plant roots (≤ 5 mm). Although more precise techniques, such as the wet needle 
technique (Tian et al., 2020) or Stomacher blending to wash off tightly adhering soil particles 
directly from the roots, could provide a better distinction between BS and RH microbial 
communities, they are mainly suitable for only very small sample sizes in terms of soil weight, or 
they require more root material. Nevertheless, we aimed for a compromise in sampling RH and 
BS to be able to link all gathered data, i.e. soil biochemical, enzymatic, and microbial community 
data. 
 We observed shifts in the bacterial composition at the phylum level between different WW 
rotational positions (Fig. 2.7) that might explain a potential imbalance or dysbiosis effect in 
successively grown WW, leading to less efficient nutrient uptake and lower plant biomass yields. 
In general, the microbial community structures of W1 and W2 were more similar compared to W4 
(Fig. A.6b). It appears that the higher rate of WW residue return in the soil of WW monocropping 
may have favored a higher species richness, resulting in microbial taxa competing for slowly 
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degradable C sources (straw) but causing less efficient plant nutrient supply and thus an early 
reduction of plant growth. 
 In more detail, we observed a higher relative abundance of Acidobacteriota in the RH of 
W1 throughout the soil profile compared to W2 and W4. Acidobacteriota is considered a keystone 
phylum in the rhizosphere of wheat (Kavamura et al., 2020). Bacteria belonging to this phylum 
have been found to induce auxin (IAA) production in Arabidopsis, increase Fe uptake following 
siderophore synthesis, and secrete exopolysaccharides, forming biofilms (Kielak et al., 2016; 
Kaloterakis et al., 2021). In the subsoil of W2, the high Cmic was negatively associated with the 
relative abundance of Acidobacteriota (Tables A9–A10), which was not the case for W1, thus 
highlighting the rotational position-specific effect on supporting the proliferation of certain 
bacterial phyla. Chloroflexi and Nitrospirota are considered to be NO2

- oxidizers, contributing to 
nitrification and, therefore, soil NO3

- production (Pivato et al., 2021; Yuan et al., 2023). 
Nitrospirota was more prevalent in W1 and W2 compared to W4 in the RH. In the topsoil of W1, 
we found that Nitrospirota was negatively associated with Chloroflexi in the RH (Table A.9), 
indicating a competition for the same resources. In a rape–rice rotation, (Yuan et al., 2023) 
correlated the relative abundance of Nitrospirota to urease activity, which generates NH4

+ and, 
therefore, allows N turnover due to nitrification. We found that W1 formed a more extensive root 
system and accumulated more N in its biomass. It could thus exploit the newly produced NH4

+ and 
NO3

- more effectively than W2 and W4, leading to an increase in biomass in W1. These findings 
suggest functional differences in the bacterial communities of the rotational positions, 
underscoring the dynamic biochemical soil processes that lowered the performance of successively 
grown wheat. 
 Understanding the shape of the fungal communities of the rotational positions would help 
us to better comprehend the complex plant–microbe interactions. (Woo et al., 2022) found a strong 
effect of the rotational position of wheat grown after pea on shaping bacterial and fungal diversity. 
In another study, fungal community composition responded more than bacterial composition to 
crop rotation, with a higher relative abundance of beneficial microbes in rotation canola compared 
to oilseed rape monocropping (Town et al., 2023). Finally, differences in the stability of bacterial 
and fungal necromass (reflected in the stability be- tween peptides and chitin/chitosan) could 
determine the mineralization rate of immobilized N by microorganisms and, therefore, the 
subsequent mineral N release (Camenzind et al., 2023) that is available for uptake by WW. 

2.5 Conclusions 

In this study, three rotational positions of WW were contrasted to assess their impact on soil 
microbial dynamics, extracellular enzymatic activity, and the performance of WW. We linked the 
activities of C-acquiring (BGU) and N-acquiring (LAP) enzymes to changes in biochemical soil 
processes and microbiome community in the rhizosphere of successive WW rotations. The reduced 
root growth and labile C in the rhizosphere of successive WW rotations led to decreased microbial 
and enzymatic activity and, finally, plant nutrient uptake and biomass accumulation. Our results 
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greatly increase our understanding of the preceding crop’s soil legacy, which drives the reduction 
in biomass growth during the early growth of WW.  
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3. Rotational diversity shapes the 
bacterial and archaeal communities 
and confers positive plant-soil 
feedback in winter wheat rotations

 
Based on: 
Kaloterakis, N., Giongo, A., Braun-Kiewnick, A., Rashtbari, M., Priscilla, Z., Razavi, B.S., 
Smalla, K., Reichel, R., Brüggemann, N., 2025. Rotational diversity shapes the bacterial and 
archaeal communities and confers positive plant-soil feedback in winter wheat rotations. Soil 
Biology and Biochemistry 203, 109729. https://doi.org/10.1016/j.soilbio.2025.109729 
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3.1 Introduction 
WW is the second most cultivated cereal in the world, grown on approximately 217 million 
hectares in 2018 and providing one-fifth of the world’s caloric and protein demand (Shewry and 
Hey, 2015; Erenstein et al., 2022). Following a linear increase of 35 % since 1994, the yield growth 
of WW is currently stagnating, not meeting the forecasted global demand (Moore and Lobell, 
2015; Schauberger et al., 2018; Erenstein et al., 2022). 
 It is estimated that up to 40 % of the global WW is cultivated in monocropping systems 
(Angus et al., 2015; Yin et al., 2022). This self-succession of WW is associated with yield 
reduction, mainly attributed to the fungal root pathogen Gt (Palma-Guerrero et al., 2021). 
However, yield decline has also been observed in years lacking evident Gt infestation (Arnhold et 
al., 2023b, 2023a). This suggests that the yield decline in successive WW rotations is more 
complex, not limited to a single factor.  
Temporal crop diversification by implementing suitable crop rotations holds great potential for 
addressing part of the WW yield decline problem. This can occur by either mitigating the negative 
PSF caused by the suppression of soil pathogens, or by conferring positive PSF, such as selecting 
beneficial microbes in the rhizosphere or increasing the enzymatic activity and nutrient 
availability. Increasing crop rotation diversity has also been associated with higher microbial 
activity and/or a higher incidence of plant-beneficial taxa (D’Acunto et al., 2018; Sun et al., 2023; 
Giongo et al., 2024). The addition of oilseed rape in the rotation as a preceding crop of WW is 
considered beneficial for attaining higher yields compared to less diverse crop rotations 
(Groeneveld et al., 2024). The positive soil legacy of oilseed rape includes suppression of 
pathogens through the production of secondary metabolites with biocidal properties or by simply 
breaking the pathogen life cycle in the soil (survival on host plant/straw residues), improving 
aggregate formation and soil structure, and increasing post-harvest residual N (N; Sieling et al., 
2005; Weiser et al., 2017; Hegewald et al., 2018; Hansen et al., 2019; Kerdraon et al., 2019).  
 The positive legacy of oilseed rape can be expected to strongly affect the growth of the 
plants that, in turn, become more efficient in exploring the soil volume and utilizing the available 
nutrients in the top and subsoil. Root adaptations are strong indicators of soil resource acquisition 
and are controlled by both the genotype and the growing conditions of plants (H. Liu et al., 2022). 
Previous research on WW rotations has shown that factors affecting soil mineral N availability 
strongly affect root plasticity, at least during the early growth stages of WW (Kaloterakis et al., 
2024b), which could potentially enhance nutrient and water uptake in more diverse WW rotations 
(Giongo et al., 2024).  
 Changes in the soil, and especially in the plant’s rhizobiome, might reveal important 
information and enhance our understanding of PSFs in plant successions. The rhizosphere (RH), 
the interface between plants and soil microbiota, is characterized by intense microbial activity due 
to plant secretion of large amounts of photosynthesized C, either by exudation of low-molecular-
weight compounds or of mucilage (Sasse et al., 2018). Together with the decomposing senesced 
roots, the rhizodeposited C stimulates microbial growth and activity in the rhizosphere, promotes 
nutrient cycling, and acts as a signal to recruit the rhizospheric microbial community (Benizri et 
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al., 2007; Yuan et al., 2018; Koprivova and Kopriva, 2022; George et al., 2024). The RH is 
governed mainly by copiotrophic r-strategists that provide different soil functions (such as C and 
N cycling; Ling et al., 2022). The secretion of secondary metabolites, such as benzoxazinoids, in 
the RH of WW following oilseed rape is known to induce microbial community composition 
changes to recruit beneficial microbes to cope with pathogens, which could potentially lead to a 
growth tradeoff of the following WW (Hu et al., 2018; Mwendwa et al., 2021). A potential 
dysbiosis in the rhizosphere of monocultures, involving the depletion of keystone species that 
protect plants from root pathogens, reduces the disease suppressiveness of the soil compared to 
crop rotations (Zhou et al., 2023). In addition, plants respond by fine-tuning their rhizospheric 
microbial communities under N-limiting conditions (Alegria Terrazas et al., 2022). Crop rotation 
is an important driver of N-related gene expression (R. Liu et al., 2023). Despite its importance, a 
deeper look into the effect of WW rotational position on the diversity, composition, and activity 
or function of the soil bacterial and archaeal community is currently lacking, especially with 
respect to N cycling. 
 To investigate the complex processes and plant-soil interactions, we conducted a 
greenhouse rhizotron experiment contrasting two WW rotational positions, i.e., W1 and W2. Our 
research questions were: i) how does the rotational position of WW affect the soil microbial 
activity and specifically the activity of C and N acquiring enzymes, and consequently WW growth 
and productivity; and ii) how does the rotational position of WW affect the abundance of the 
bacteria and archaea and N-related genes. We hypothesized that the rotational position of WW 
would affect the bacterial and archaeal community, leading to distinct changes in the bacterial and 
archaeal community composition. Soil microbial activity would be affected by the WW rotational 
position, resulting in differences in N cycling and uptake by the following WW, and ultimately 
influence crop growth and yield. 

3.2 Materials and Methods 
3.2.1 Experimental design 
The soil was collected in September 2020 from the topsoil (0-30 cm) and subsoil (30-50 cm) of 
field plots immediately after oilseed rape cultivation and after one year of WW cultivation 
following oilseed rape at the Experimental Farm Hohenschulen, Faculty of Agricultural and 
Nutritional Sciences, Christian-Albrechts University of Kiel (54°19′05″N, 9°58′38″E), Germany. 
Hereafter, they are referred to as WW rotational positions. The plots from which the soil was 
collected were optimally fertilized with N (240 kg N ha-1) and sown with the WW cultivar 
“Nordkap” (SAATEN-UNION GmbH, Isernhagen, Germany). The residues of the preceding crop, 
i.e., oilseed rape and WW for W1 and W2, respectively, were not removed from the soil, and the 
field was not ploughed before soil collection. The soil is classified as a carbonate-free Cambic 
Luvisol of a sandy loam texture (44 % sand, 35 % silt, and 21 % clay; Sieling et al., 2005). A 
detailed description of the soil properties and a comparison of the initial soil biochemical 
properties of this experiment is reported in Kaloterakis et al. (2024a). The residual soil NO3

-, PCAL, 
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KCAL, DOC and Cmic and Nmic following oilseed rape cultivation were significantly higher than 
following WW (Kaloterakis et al., 2024a). 
 Eight rhizotrons were placed in the greenhouse (Forschungszentrum Jülich, Germany). 
One plant was grown in each rhizotron filled with soil that had been cultivated either with oilseed 
rape or WW for one year before the start of the experiment (W1 and W2, respectively). Each 
rotational position was replicated four times (n = 8). All rhizotrons were kept inclined at 45° to 
facilitate root growth along the lower side of the rhizotrons. The soil was sieved to 2 mm and, 
subsequently, packed into the rhizotrons to reach a bulk density of 1.45 g cm-3. Deionized water 
was added to adjust soil moisture to 70 % WHC (215 g H2O soil kg-1) at the onset of the 
experiment. After that, soil moisture was monitored gravimetrically and kept at 70 % WHC with 
deionized water to ensure well-watered conditions. WW seeds from the cv. “Nordkap” were 
germinated in Petri dishes on sterile filter paper for 24 h in the dark at 20 °C. After germination, 
one seedling was planted in each rhizotron. Each plant was fertilized with 0.78 g of calcium 
ammonium nitrate fertilizer (13.5 % NO3

--N, 13.5 NH4
+-N, 4 % CaO, 1 % Mn, YaraBela® 

CAN™, YARA GmbH & Co. KG, Dülmen, Germany) corresponding to an application rate of 240 
kg N ha-1. It was applied in three doses of 80 kg N ha-1 N ha each at the plant developmental stage 
BBCH 25, 30-/31 and 50, corresponding to 38, 62 and 96 days after sowing (DAS) in our 
experiment.  

3.2.2 Soil sampling at tillering 
The non-destructive soil sampling was performed at BBCH 29 (28 DAS; tillering, hereafter called 
T1). The sampling was performed as described in Reichel et al. (2022) with minor modifications. 
We sampled soil from two soil compartments i.e., RH and RA soil. For mineral N determination, 
we sampled soil from three soil layers i.e., 0-30 cm, 30-60 cm and 60-100 cm of four plant 
replicates (n = 48). Due to limitations in the maximum number of samples that could be quantified 
for microbiome and enzymatic analyses, we sampled soil from two soil layers i.e., 0-30 cm and 
30-60 cm of three plant replicates (n = 24). Briefly, we sampled the RH soil near well-developed 
first-order lateral roots using a custom-made punching tool with which a hole was punched into 
the self-adhesive foil of the rhizotrons. Next, a soil core was extracted (2.5 cm length × Ø 0.8 cm) 
by inserting an Ø 0.8 cm metal cylinder through the perforated holes of the rhizotron’s plates. For 
the RH soil samples, the first cm of the soil core was kept for the analysis, corresponding to a 
volume of 0.5 cm3. We also sampled RA from holes with no apparent root growth, but which was 
likely affected by the dense root system that was only partly visible on the transparent plate of the 
rhizotron. After soil sampling, a polyamide screw (length of 6.5 cm × Ø 0.8 cm) resealed the hole 
created by the metal cylinder. To reduce soil heterogeneity in our samples, we pooled five soil 
sub-samples to form a composite sample at each soil compartment and soil depth. Soil samples for 
enzymatic analyses were stored at 4 °C and all other samples were stored at -20 °C until further 
processing. A preliminary analysis revealed no significant differences in the response variables 
(mentioned in the following subparagraphs) between RH and RA. Therefore, we combined the 
two soil compartments in specific analyses, which are detailed below, to increase the statistical 
power of our planned analyses.  
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3.2.3 Soil sampling at grain ripening and plant harvest 
At the grain ripening stage (180 DAS; BBCH 90; hereafter called T2), the plants were harvested 
by splitting the aerial plant parts into tillers, leaves, husks, and grains. By removing the lower plate 
of the rhizotrons, the roots growing along the surface of the soil were exposed, and the soil profile 
was divided into the same soil layers described before. Since roots occupied the entire soil volume 
at this growth stage, we considered all the soil RH and did not distinguish between RA and RH. 
For mineral N determination, we sampled soil from three soil layers i.e., 0-10 cm, 10-20 cm, 20-
40 cm, 40-70 cm and 70-100 cm of four plant replicates (n = 40). For microbiome and enzymatic 
analyses, we sampled soil from two soil layers i.e., 0-30 cm and 30-60 cm of three plant replicates 
(n = 12). Following soil sampling, the roots were carefully extracted and washed over a 1-mm 
sieve to retrieve most of the root system. They were stored in 30 % (v/v) ethanol before analysis. 
They were then scanned at 600 dpi (Epson Perfection V800 Photo, Epson, Japan) and analyzed 
with the WinRhizo® software (Regent Instruments Inc., Quebec, Canada).  
 All plant biomass was oven-dried at 60 °C to constant weight for three days before 
determining the DW. The plant material was then ball-milled (MM 400, Retsch, Germany) and 
weighed into tin capsules (HEKAtech, Wegberg, Germany) for C and 15N content determination 
using an elemental analyzer coupled to an isotope-ratio mass spectrometer (EA-IRMS, Flash EA 
2000, coupled to Delta V Plus; Thermo Fisher Scientific, Waltham, MA, USA). 

3.2.4 Processing of soil samples 
Soil samples were extracted with 0.01 M CaCl2 (soil-to-solution ratio of 1:4 w/v), vortexed, shaken 
horizontally for 2 h at 200 rpm, centrifuged for 15 min at 690 × g, and filtered through 0.45 µm 
PP-membrane filters (Ø 25 mm; DISSOLUTION ACCESSORIES, ProSense B.V., München, 
Germany). Soil solution was analyzed for DOC with a TOC analyzer (TOC-V + ASI-V + TNM, 
Shimadzu, Japan). NH4

+ was measured by continuous-flow analysis (Flowsys, Alliance 
Instruments GmbH, Freilassing, Germany). NO3

- was measured by ion chromatography (Metrohm 
850 Professional IC Anion – MCS, Metrohm AG, Herisau, Switzerland). Enzymatic activity of 
BGU and LAP, two hydrolytic enzymes involved in soil C and N cycling, was measured as 
reported by Kaloterakis et al. (2024a), following German et al. (2011). The kinetics of BGU and 
LAP were measured by fluorimetric microplate assays of 4-methylumbelliferone (MUF) and 7-
amino-4-methyl coumarin (AMC; Razavi et al., 2017).  

3.2.5 Soil DNA extraction and 16S rRNA gene amplicon sequencing 
Total genomic DNA from bacteria and archaea was extracted from 0.5 g of RA and RH soil 
samples using a bead-beating method according to the manufacturer’s description (FastDNA 
SpinKit for Soil, MP Biomedicals, Eschwege, Germany) and established protocols (Braun-
Kiewnick et al., 2024). DNA quantity and quality were checked by Nanodrop and on 0.8 % agarose 
gels, and amplification efficiency of appropriate DNA dilutions (10-20 ng µL-1) was tested by a 
pre-Illumina PCR using a fragment of the V3-V4 region of the 16S rRNA gene with the same 
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primers as for amplicon sequencing, except for the adaptors (Uni341F (5′ 
CCTAYGGGRBGCASCAG 3′) and Uni806R (5′ GGACTACHVGGGTWTCTAAT 3′)) (Yu et 
al., 2005; Caporaso et al., 2011; Sundberg et al., 2013). PCR products were checked on 1 % agarose 
gels before sending genomic DNA to amplicon sequencing (Novogene, Cambridge, UK). 
Amplicon libraries with the primers Uni341F-Uni806R and Illumina adaptors (Illumina, San 
Diego, USA) were then generated and sequenced at Novogene using Illumina MiSeq v2 (2 x 250 
bp) chemistry according to the manufacturer's instructions (Illumina, San Diego, USA). 
Unassembled raw amplicon data were deposited at the National Center for Biotechnology 
Information (NCBI) Sequence Read Archive (SRA) under PRJNA1146588.   

3.2.6 Amplicon sequence analyses 
The downstream analysis was conducted in R (v4.2.1; R Core Team, 2022). The amplicon 
sequencing analysis was performed in the Divisive Amplicon Denoising Algorithm (DADA2 
v.1.12.1 pipeline; Callahan et al., 2016). A total of 1,668,656 high-quality reads with a maximum 
of two expected errors were retained from 32 samples corresponding to eight plants, two soil layers 
0-30 cm and 30-60 cm and two soil compartments i.e., RH and RA. The taxonomic classification 
of amplicon sequence variants (ASVs) was conducted using the SILVA database v.138 (Quast et 
al., 2013) and the ‘phyloseq’ package (McMurdie and Holmes, 2013). Unassigned ASVs at the 
phylum level and any remaining ASVs identified as chloroplasts, mitochondria, or eukaryotes 
were omitted from the studies. A taxonomic level called “Annotation” was manually included in 
the taxonomic table, which included the latest taxonomic information for each ASV. The dataset 
was subjected to rarefaction analysis to ensure an equal level of sequencing depth (Schloss, 2024), 
with the minimum number of sequences (34,391) observed in all samples. The rarefaction curves 
tended to reach a plateau, indicating that the sequencing method supplied sufficient sequences to 
cover most of the sample diversity. 
 Alpha diversity indices were calculated using the ‘phyloseq’ and ‘microbiome’ packages 
(Lahti and Shetty, 2017). Significant changes were determined using Kruskal-Wallis tests and 
post-hoc Wilcoxon-Mann-Whitney tests. The analysis of beta diversity employed square root 
transformed ASV count data using the ‘vegan’ package (Oksanen et al., 2022) and was visualized 
through multidimensional scaling (MDS) plots. The study evaluated variations in beta diversity 
centroids by applying permutational multivariate analysis of variance (‘adonis’), PERMANOVA 
tests, and ANOSIM. Differential abundance (DA) analysis was performed using DESEeq2 
negative-binomial Wald test (Love et al., 2014). Taxa were considered significant if their adjusted 
p-value was less than 0.05 after the Benjamini-Hochberg correction. Additionally, the putative 
prediction of the functions of the bacterial and archaeal communities from 16S rRNA gene 
sequencing data was performed using the software Tax4Fun2 v1.1.5 (Wemheuer et al., 2020). Log-
transformed data from the differentially abundant taxa in each group of samples were used to 
obtain predicted relative values for different KEGG orthologues. KEGG functional pathways and 
N metabolism genes were selected based on five keywords, “nitrogen”, “ammonium”, “ammonia”, 
“nitrate”, and “nitrite”. 
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3.2.7 Quantification of total bacteria (16S rRNA), bacterial 16S rRNA 
amoA (AOB) nirS, nosZ, and nifH genes and archaeal 16S rRNA 
and amoA genes (AOA) by qPCR 

Quantitative PCR (qPCR) was used to measure the absolute abundance of bacterial 16S rRNA 
gene copies and N cycle-related genes, including the ammonia monooxygenase (AMO) alpha 
subunit (amoA), NO2

- reductase (nirS), nitrous oxide reductase (nosZ), and N2-fixing nitrogenase 
(nifH) genes in both RA and RH samples. To quantify absolute bacterial abundance, the 
BACT1369F, PROK1492R, and TM1389F primers, labeled with 5’-FAM and 3’-TAMRA, were 
used in a specific TaqMan assay, following the protocol described by (Suzuki et al., 2000). To 
determine the absolute abundance of the bacterial amoA gene (ammonia-oxidizing bacteria, AOB) 
the primers amoA-1F and amoA-2R developed by (Rotthauwe et al., 1997) were employed as 
described in Meyer et al. (2013). For quantifying the nirS gene the primers cd3aF and R3cd 
(Throbäck et al., 2004), and for the nifH gene, the forward primer FPGH19 (Simonet et al., 1991) 
was used along with the reverse primer PolR (Poly et al., 2001). Finally, for the nosZ gene 
quantification, the nosZ-2F and nosZ-2R primers were used (Henry et al., 2006). All reactions 
were conducted in a total volume of 20 µL containing 10 µ: of 2 x Luna Universal qPCR Master 
Mix (New England Biolabs, Ipswich, USA), 0.1 mg mL-1 BSA, 200 nM (amoA) or 400 nM (nirS, 
nifH, nosZ) of each primer and 5 µL of template DNA (1:5 diluted) per reaction. PCR cycling 
conditions were 1 min at 95 °C, followed by 40 cycles of 15 sec at 95 °C and 30 sec at 60 °C. The 
specificity of the amplification products employing SYBR green chemistry (New England Biolabs, 
Ipswich, USA) was confirmed through melting curve analyses after completion of amplification 
cycles (60 °C-95 °C, Δ 0.5 °C every 5 sec). 
 The quantification of all target gene copies in the samples was determined by comparing 
them to adequate standard curves of cloned and purified target gene copies, and all measurements 
were based on 1 g of soil (gene copies per g of soil). Standard curves were generated by serial 
dilutions of target genes (ranging from 10-2 to 10-7). Reference DNAs for bacterial nirS, nifH, nosZ, 
and amoA genes were used based on purified gene fragments inserted into either the pEASY-T1 
(nirS, nifH, nosZ) or pCR2.1 (amoA) cloning vectors and transformed into Escherichia coli. All 
measurements were run in duplicates (= technical replications) on a CFX96 Real-Time System 
(Bio-Rad, Laboratories GmbH, München, Germany). Precautions were taken to ensure that the 
data from each duplicate fell within 0.5 threshold cycle (Ct), and clear outliers (>2 standard 
deviations) were removed before calculating the average Ct of each treatment, with each treatment 
having three biological replications, resulting in six data points per measurement. Melting curves 
and non-template controls were used to assess run reliability. There was no detectable 
amplification arising from non-template controls in any of the assays. The amplification 
efficiencies of all qPCR assays ranged from 91 % to 98 %, calculated from the equation: 

𝐸𝑓𝑓 = 10 × (
−1

𝑠𝑙𝑜𝑝𝑒
) − 1 
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 Archaea-specific qPCRs were conducted to quantify total archaea and amoA (AOA) gene 
copies of archaea, archaea-specific qPCRs were conducted. To quantify the absolute abundance of 
archaea, the ARC787F_YU, ARC1059R_YU, and ARC915F_YU probe (with 5’-FAM and 3’-
TAMRA labels) were used in a TaqMan assay, following the protocol described by (Yu et al., 
2005). For quantification of the archaeal AMO alpha subunit (amoA) the forward primer amo19F 
(Leininger et al., 2006) and reverse primer CrenamoA616r48x (Schauss et al., 2009) were used 
according to the protocol described by Meyer et al. (2013). PCR reactions were conducted in a 
total volume of 20 µL, containing 10 µL of 2 x Luna Universal qPCR Master Mix (New England 
Biolabs, Ipswich, USA), 0.1 mg mL-1 BSA, 600 nM of each primer and 5 µl of template DNA (1:5 
diluted, ca. 10-20 ng µL-1) per reaction. PCR cycling conditions were 10 min at 94 °C, followed 
by 40 cycles of 45 sec at 94 °C, 45 sec at 60 °C, and 45 sec at 72 °C. The specificity of amplification 
products employing SYBR green chemistry was confirmed through melting curve analyses after 
completion of amplification cycles (72-95 °C, Δ 0.5 °C every 5 sec). The quantification of target 
gene copies was conducted as described above, and reference DNA for total archaea was based on 
10-fold serial dilutions of purified PCR product 16S rRNA gene from Methanobacterium oryzae 
(ca 1300 bp, cloned into pGEM-T transformed in E. coli). Reference DNA for the archaeal amoA 
gene was based on 10-fold serial dilutions of purified archaeal amoA gene fosmid clone 54d9 (656 
bp) from Crenarchaeota cloned into pCR2.1 and transformed into E. coli. Calculations of total 
archaea and AOA gene copy numbers were performed as described above.   

3.2.8 Data analysis 

After assessing normality and homogeneity of variances using the Shapiro-Wilkinson and Levene 
test, respectively, we conducted ANOVA with the Bonferroni correction at p ≤ 0.05, using the 
rotational position of WW (two levels) and soil depth (three levels) as fixed factors. When the 
assumptions of normality were not met, we transformed the data using the Yeo-Johnson 
transformation (Yeo and Johnson, 2000). The transformation used for a certain variable is 
mentioned in the respective table. Data analysis was performed with IBM SPSS Statistics for 
Windows, version 23 (IBM Corp., Armonk, NY, USA). The packages ‘ggplot2’ (Wickham, 2016) 
and ‘ggstatsplot (Patil, 2021) in R were used to create the graphs and correlograms of Spearman 
rank correlation matrices. 

3.3 Results 
3.3.1 Soil mineral N and enzymatic activity at tillering and grain ripening 

growth stage  
At T1, the rotational position of WW strongly influenced soil NO3

- (p = 0.002), soil NH4
+ (p = 

0.001), BGU (p < 0.001) and LAP activity (p = 0.007), while soil depth affected only soil NO3
- (p 

< 0.001; Table B.1). More specifically, we measured 55.9 % higher NH4
+ in the soil of W2 

compared to W1, which was mainly evident in the 0-30 cm and 30-60 cm layers of the soil (Fig. 
3.1a). In the soil of W1, NO3

- was on average 87.5 % higher than in W2, mainly due to large 
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differences in the deep subsoil of 60-100 cm (Fig. 3.1b). With respect to enzymatic activity, BGU 
Vmax of W2 was 351.4 % higher than in W1, with significant differences in both 0-30 cm and 30-
60 cm layers (Fig. 3.1c). The opposite trend was recorded for LAP Vmax with an 18.3 % reduction 
in W2 compared to W1 (Fig. 3.1d). At T2, the rotational position of WW significantly influenced 
soil NO3

- (p < 0.001) and soil NH4
+ (p = 0.001), while BGU and LAP activity remained unaffected 

(Table B.1). Soil depth had the same main effect on soil NO3
- (p = 0.015) and soil NH4

+ (p < 
0.001), with no effect on BGU and LAP activity. We recorded a 24.0 % higher NH4

+ content in 
the soil of W1 compared to W2 (Fig. 3.1e) while the opposite was detected for NO3

-, with a 51.2 
% reduction in W1 compared to W2 that was evident throughout the soil profile (Fig. 3.1f). No 
differences were observed for the enzymatic activity of BGU and LAP between the rotational 
positions (Fig. 3.1g, h). 

 

Figure 3.1 Effect of the rotational positions on soil NH4
+-N (a, e), soil NO3

--N (b, f), maximum 
velocity (Vmax) of β-glucosidase (BGU; c, g) and leucine aminopeptidase (LAP; d, h) of the 
following winter wheat at tillering (BBCH 29, 28 DAS) and grain ripening (BBCH 90, 180 DAS). 
W1 = first wheat, W2 = second wheat after oilseed rape. Different uppercase letters in each subplot 
indicate significant differences between the rotational positions. Within each soil depth, different 
lowercase letters denote significant differences between rotational positions at p ≤ 0.05. Four plant 
replicates were analyzed for mineral N (n = 48 for T1 and n = 40 for T2) and three plant replicates 
were analyzed for BGU and LAP (n = 24 for T1 and n = 12 for T2). 
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3.3.2 N-related genes at the tillering and grain ripening growth stage 
At T1, there was no significant influence of the rotational position of WW on the absolute 
abundance of 16S gene copy numbers for both bacteria (Fig. 3.2a, e; Table B.2) and archaea (Fig. 
B.4a, d; Table B.3) at both WW developmental stages. In contrast, the rotational position of WW 
(p = 0.017) and soil depth (p < 0.001) had a significant main effect on the amoA gene copy number 
of AOB (Table B.2), with a much higher amoA abundance in the topsoil of W2 compared to W1 
(Fig. 3.2b). We also noted a significant increase of bacterial nifH gene copy numbers only in the 
topsoil of W2 compared to W1 (Fig. 3.2c). In addition, both the rotational position of WW (p < 
0.001) and soil depth (p < 0.001) significantly influenced bacterial nirS gene copy numbers, with 
higher bacterial nirS abundance in both the top and subsoil of W2 compared to W1 (Fig. 3.2d). At 
T2, the main effects of rotational position of WW and soil depth were insignificant (Table B.2). 
However, we did find higher amoA copy numbers of AOB and a higher bacterial nirS gene 
abundance in the topsoil of W2 compared to W1 (Fig. 3.2f, h).  

 

Figure 3.2 Effect of the rotational positions on the 16S rRNA gene copy number of Bacteria (a, 
e), ammonia-oxidizing bacteria amoA gene abundance (AOB; b, f), bacterial nifH gene abundance 
(c, g) and bacterial nirS gene abundance (d, h) of the following winter wheat at tillering (BBCH 
29, 28 DAS) and grain ripening (BBCH 90, 180 DAS). W1 = first wheat and W2 = second wheat 
after oilseed rape. Different uppercase letters in each subplot indicate significant differences 
between the rotational positions. Within each soil depth, different lowercase letters denote 
significant differences between rotational positions at p ≤ 0.05. Three plant replicates were 
analyzed for the response variables (n = 24 for T1 and n = 12 for T2). 
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At the same time, no differences were evident for bacterial nifH gene abundance at this late growth stage 

(Fig. 3.2g). Finally, no differences were found in amoA gene copy number of AOA (Fig. B.4b, e) and 

bacterial nosZ gene abundance (Fig. B.4c, f) between the rotational positions and the sampling time points 

(Table B.3). 

3.3.3 Characterization of the bacterial and archaeal communities 
We used 16S rRNA gene amplicon sequencing to characterize the bacterial and archaeal 
communities obtained from different samples. No significant differences in alpha diversity 
(microbial diversity within samples) were observed between the specific bacterial and archaeal 
communities of W1 and W2 at T1 or T2 across all microhabitats (Fig. 3.3a). Regarding beta 
diversity (comparison among communities), depth and rotation were the primary factors 
influencing the soil bacterial and archaeal diversity and composition at T1 (Bray-Curtis distances, 
Depth, R² = 0.10; Rotation, R² = 0.07; p < 0.001) (Fig. 3.3b). Since the microhabitat (RH and RA) 
was the variable that affected the bacterial and archaeal communities the least (contributing to 5.2 
% of the variation; p < 0.040), samples were combined. At T2, without sampling across different 
microhabitats, rotation and depth continued to shape the soil microbial diversity and composition 
across different rotational positions (Fig. 3.3c, Depth, R² = 0.16; Rotation, R² = 0.15; p < 0.001). 
The ten most abundant taxa, including Bacillus, Gaiella, and Sphingomonas, were the same at T1 
and T2, except for a taxon belonging to the family Methyloligellaceae (among the top 10 in T1) 
and a taxon from the Subgroup 7 (Acidobacteriota; Holophagae; among the top ten at T2). A taxon 
belonging to the archaeal family Nitrososphaeraceae presented an overall relative abundance of 
1.1 % of the total sequences.  
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Figure 3.3 Bacterial and archaeal diversity at two plant developmental stages (T1 = BBCH 29, 28 
DAS, tillering; T2 = BBCH 90, 180 DAS, grain ripening), separated by soil depth (0-30 cm; 30-
60 cm), microhabitat (RA = root-affected soil; RH = rhizosphere), and rotational position (W1 = 
first wheat after oilseed rape; W2 = second wheat after oilseed rape), based on 16S rRNA gene 
amplicon sequencing data. (a) Alpha diversity metrics, including Shannon’s diversity, Chao1’s 
richness, and Pielou's evenness (analyzed using the Mann–Whitney U test with p-values adjusted 
by the Bonferroni method). Vertical bars represent standard errors. (b) Beta diversity was 
measured using Bray-Curtis dissimilarity and visualized through multidimensional scaling (MDS), 
with statistical analysis performed using PERMANOVA. (c) Relative abundance of the ten most 
prevalent taxa in T1 and T2. Significance levels: * p < 0.05; *** p < 0.001. Three plant replicates 
were analyzed for the response variables (n = 24 for T1 and n = 12 for T2). 

 When comparing the effect of WW rotational positions on the bacterial and archaeal 
communities at different plant developmental stages and depths, we observed that significantly 
more taxa were differentially abundant at T1 than at T2 (Fig. 3.4). At T1 and in the 0-30 cm soil 
layer, eleven out of twelve differentially abundant taxa were more prevalent in W1, including 
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Corynebacterium, Moraxella, Neisseria, Noviherbaspirillum, and a taxon belonging to the family 
Xanthobacteraceae. Tumebacillus was the only taxon significantly more abundant in W2 (Figure 
4a). At T1 and in the 30-60 cm soil layer, twelve taxa were significantly more abundant in W1 
than W2, including Phenylobacterium and a taxon belonging to the family Xanthobacteraceae. 
Conversely, four taxa, including Dyella and Rhodobium, were more abundant in W2. Notably, 
Phenylobacterium and a taxon from the family Xanthobacteraceae were consistently more 
abundant in W1 at both depths. At T2, Shinella was significantly more abundant in W1 than in W2 
in the 0-30 cm soil layer, while the cluster ANPR, Acinetobacter, and a taxon from the family 
Devosiaceae were more abundant in W2 than W1 (Figure 4b). Interestingly, Caulobacter, 
Gemmatimonas, Streptomyces, and Verrucosispora were more prevalent in W1 compared to W2. 
In contrast, Devosia and a taxon from the same family, Devosiaceae, were among the taxa 
significantly more abundant in W2 than W1. 

 

Figure 3.4 Differentially abundant (DA) taxa between crop rotational positions (W1 = first wheat 
after oilseed rape as a pre-crop; W2 = second wheat after oilseed rape) at two plant developmental 
stages: (a) T1 (BBCH 29, 28 DAS, tillering) and (b) T2 (BBCH 90, 180 DAS, grain ripening), 
separated by soil depth (0-30 cm; 30-60 cm). The lowest confident taxonomic classifications are 
shown, with each corresponding phylum represented by a unique color. Negative log2FoldChange 
values indicate a significantly higher abundance in W1, while positive log2FoldChange values 
indicate a higher abundance in W2. The relative abundance of each significantly different taxon is 
depicted by round shapes, varying in size from 0.1 % to 3 % of the total sequences. p values < 0.05 
were adjusted using the Benjamini-Hochberg correction. Three plant replicates were analyzed for 
the response variables (n = 24 for T1 and n = 12 for T2). 
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 Using Tax4Fun2, we searched for the relative abundance of N-related genes that matched 
genes related to NO3

-, nitrite (NO2
-) or ammonia/ NH4

+ metabolism in the differentially abundant 
taxa in each group of samples. No statistical significance was found between depths or rotations 
(p > 0.05), except for the decrease in N-related genes in 30-60 cm compared with 0-30 cm in W2 
at T1 (p = 0.002) (Fig. B.1a). N metabolism regulators, regulatory proteins and components of the 
NtrC gene family were found in higher abundance at T1, either W1 or W2 samples (p < 0.01) (Fig. 
B.1b). NO3

-/ NO2
- response regulators belonging to NarL are significantly higher in T2, 30-60 cm 

(p = 0.004), so as the assimilatory NO3
- reductase. 

 Correlation analyses at T1 and in the 0-30 cm soil layer revealed a significant positive 
correlation between NO3

- and Moraxella, Neisseria, Corynebacterium and Haemophilus in W1, 
but not in W2 (Fig. B.2). In this soil layer, BGU Vmax was also positively correlated with LAP 
Vmax in W1, but not in W2. Gene abundance of bacterial nifH and nirS in the topsoil of W2 was 
positively correlated with Porphyrobacter and Noviherbaspirillum, respectively, while this was 
not the case for W1. In the 30-60 cm soil layer, we found a positive correlation between NO3

- and 
Rhodobium in W1, while in W2 they were negatively correlated (Fig. B.3). Bacterial nifH gene 
abundance positively correlated with Arthrospira and Blastomonas in W1 and with Candidatus 
Doudnabacteria in W2. 

3.3.4 Effect of rotational position on WW biomass accumulation and root 
growth 

The rotational position of WW had a strong effect on plant biomass accumulation. W1 produced 
51.5 % more biomass than W2 (p < 0.001; Table B.4), mainly due to differences in grain, husk 
and RDW (Fig. 3.5a). Overall, C:N ratio remained unaffected by the rotational position of WW, 
but W2 had a higher stem C:N ratio compared to W1 (Fig. 3.5b). Regarding root growth traits we 
noted a significantly higher RDW (p < 0.001; Table B.5; Fig. 3.5c) and root mass density (RMD, 
p < 0.001; Fig. 3.5d) in W1 compared to W2, which was evident throughout the soil profile. Fig. 
3.5c and Fig. 3.5d have been adapted from Kaloterakis et al. (2024a). 
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Figure 3.5 Effect of the rotational positions on root, stem, leaf, husk and grain dry weight (a), C:N 
ratio (b), root dry weight (c), and root mass density (d) of the following winter wheat at grain 
ripening (BBCH 90, 180 DAS). W1 = first wheat, W2 = second wheat after oilseed rape. Different 
uppercase letters in each subplot indicate significant differences between the rotational positions. 
Within each plant part (panels a, b) and soil depth (panels c, d) different lowercase letters denote 
significant differences between rotational positions at p ≤ 0.05 level according to ANOVA with 
Bonferroni correction for multiple comparisons. Fig. 3.5c and Fig. 5d adapted from Kaloterakis et 
al. (2024b). Four plant replicates were analyzed for the response variables (n = 40 for the response 
variables). 



From Soil Legacy to Wheat Yield Decline: Studying the Plant-Soil Feedback Mechanisms in Wheat Rotations 

53 
 

3.4 Discussion 
3.4.1 Distinct soil legacies of the preceding crops on WW growth  
The rotational position of WW modulated changes in soil nutrient content, microbial community 
structure and enzymatic activity, which ultimately translated into yield discrepancies. Given that 
at the early growth stage of T1 the root system was mainly located in the upper 50 cm of the 
rhizotrons, the higher NO3

- content in the 60-100 cm of W1 can be directly linked to the initial soil 
NO3

- content at the start of the experiment and the microbial activity (Kaloterakis et al., 2024a). 
The N-rich residues of oilseed rape (with a lower C:N compared to WW) were mineralized faster, 
creating an N-rich environment for the following WW. This is also supported by the enhanced 
LAP activity in W1 compared to W2. LAP activity degrades proteins into amino acids that can be 
further degraded into ammonia. This higher activity in W1 is likely due to the protein-rich organic 
material of oilseed rape residues that were decomposing in the soil during WW growth, thus 
contributing to the higher NO3

- levels in the soil of W1. On the contrary, the increased BGU 
activity in W2 compared to W1 can be expected due to the higher C:N ratio of WW residue with 
a higher cellulose content than that of oilseed rape. At T1, BGU Km was significantly affected by 
WW’s rotational position and it was significantly higher in W2 compared to W1 meaning that the 
soil microbes in W2 had a much lower enzymatic affinity for BGU than those in W1 (Table B.6). 
This means that BGU was released by different microbial groups despite the lack of a significant 
shift in the bacterial and archaeal community composition. The absence of significant differences 
for LAP Km indicates that the bacterial and archaeal communities of W1 and W2 produced more 
enzymes to degrade the protein-rich organic material in the soil. At T2, both BGU and LAP were 
released by different microbial groups in W1 and W2, as shown by the significant effect of the 
WW’s rotational position of BGU and LAP Km (Table B.6). 
 The soil microbes in the soil of W2 are faced with an early N immobilization in its 
rhizosphere, which has been previously observed during the early growth of successively grown 
WW (Kaloterakis et al., 2024b). In the same study, the authors also recorded a much lower root 
growth in the successive WW rotation, which negatively correlated with soil NH4

+ as opposed to 
WW after oilseed rape. Although we did not measure root growth at T1, we nevertheless detected 
less NH4

+ in the 0-30 cm and 30-60 cm layers of the soil profile in W1 compared to W2, which 
might reveal the same mechanism given that we used the same soil from the same experimental 
plots as Kaloterakis et al. (2024a). This points towards the early disadvantage of the successive 
WW rotation in accessing available mineral N, and conversely the advantage of W1 with much 
higher NO3

- in the deep subsoil of 60-100 cm that is available for plant uptake at later growth 
stages when the root system is more advanced and the subsoil nutrient and water reserves become 
increasingly important. Under these temporary N-limiting conditions of W2 soil, increasing BGU 
activity could be a way for the soil microbes to accelerate the breakdown of the cellulose-rich WW 
residues.  
 Regarding the soil legacy of the preceding crop on the bacterial and archaeal alpha 
diversity, we expected that the rotational position of WW would exert control over the shape of 
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the bacterial and archaeal community structure. We did not find differences in the diversity and 
richness metrics of the microbial community between the rotational positions of WW, which is 
consistent with other studies assessing the effect of the rotational position of WW on bacterial and 
archaeal diversity (Braun-Kiewnick et al., 2024; Giongo et al., 2024; Kaloterakis et al., 2024b). In 
contrast, both the rotational position of WW and soil depth had a strong influence on beta diversity 
in accordance with previous studies (Town et al., 2023; Giongo et al., 2024; Kaloterakis et al., 
2024b). The effects on alpha and beta diversity were similar throughout the growth cycle of WW, 
measured at the tillering and grain ripening stages. It should be noted that we did not measure the 
fungal diversity and composition, which is considered an additional or complementary driver of 
the observed yield reduction in the successive crop rotations (Gao et al., 2019; Wang et al., 2019; 
Sun et al., 2023; Town et al., 2023; Yu et al., 2024). 
 The differential abundance analysis revealed important shifts in the microbial taxonomic 
composition, which influenced soil enzymatic activity, N cycling processes and root growth of the 
following WW. Although our methodology did not allow us to attribute functions to specific 
microbial groups, we were able to discuss potential functions of previous studies in relation to our 
study. Town et al. (2023) found a consistent bacterial community composition between 
monocropped WW and WW after oilseed rape or pea, which contrasts with our findings, possibly 
due to differences in soil type, which strongly affects microbial assemblages. In our experiment, 
Moraxella was significantly more abundant in the 0-30 cm soil layer in W1 than in W2, at tillering.  
This is consistent with its role in denitrification (Zheng et al., 2023), which is in line with the 
higher soil NO3

- content in W1 at this growth stage. Neisseria abundance has been shown to 
increase in a WW-maize rotation compared to monocropped WW (Navarro-Noya et al., 2013). 
Neisseria is known to enhance cellulose hydrolysis (Sakai et al., 1996), which could have 
contributed to the higher LAP activity in W1 at T1. The same is true for Noviherbaspirillum which 
includes bacterial species that are involved in cellulose degradation (Maheshwari et al., 2023). 
Bacilio-Jiménez et al. (2001) linked a Corynebacterium species with endophytic growth and 
growth enhancement in rice, which we found to be significantly more abundant in the topsoil of 
W1 than W2 at T1 and could have stimulated plant growth at this stage. Certain Brevibacillus 
species have been found to promote organic sulfur and N mineralization, increasing soil NH4

+ 
content, which boosts plant growth (Santana et al., 2013, 2021). This is consistent with the higher 
soil NH4

+ content in W1 at T2, suggesting that the Brevibacillus may be an important genus in the 
degradation of the protein-rich residues of oilseed rape, thereby increasing mineral N availability 
for W1 uptake. Adesina et al. (2007) highlighted the antagonistic effect of Brevibacillus against 
Rhizoctonia solani and Fusarium oxysporum, which are important WW pathogens. Kaloterakis et 
al. (2024b) suggested that a more beneficial microbial community in W1 might be due to the 
selection of antagonists that confer protection against soil pathogens. Members of the 
Xanthobacteraceae family are known to be positively correlated with protease activity and soil 
DOC (Imparato et al., 2016), thus affecting N cycling and mineral N availability, which was 
evident in our study by the higher LAP activity at T1 and the higher soil NH4

+ at T2 in W1.  
 At the grain ripening stage, we observed a much lower number of differentially abundant 
taxa at both soil depths compared to the tillering stage, with limited information in the literature 



From Soil Legacy to Wheat Yield Decline: Studying the Plant-Soil Feedback Mechanisms in Wheat Rotations 

55 
 

about the potential functions of the different taxa. Devosia species are plant-beneficial bacteria 
(Jeewani et al., 2021; Cerecetto et al., 2024) with antifungal properties (Chen et al., 2022), capable 
of N fixation (Wolińska et al., 2017), which is in line with the higher nifH gene abundance in W2 
at T1. Their higher abundance in the subsoil of W2 compared to W1 could be the reaction of W2 
plants to enrich their rhizobiome with beneficial microbes due to the potential microbial dysbiosis 
in the soil that is frequently reported for monocropping systems (Zhou et al., 2023; Giongo et al., 
2024). Gemmatimonas, a genus associated with organic matter decomposition and high gene copy 
numbers found in nutrient-rich soils (Banerjee et al., 2016), was more abundant in the subsoil of 
W1 compared to W2. 

3.4.2 The effect of the rotational position of WW on N cycling  
We hypothesized that due to changes in soil microbial community structure between the two 
rotational positions of WW would be accompanied by varying N-related gene abundances. 
Therefore, we investigated specific functional genes involved in soil N cycling as indicators of 
ecosystem functionality, involved in key N cycling processes in agricultural soils exposed to single 
or successional WW cropping. Ammonia-oxidation is the rate-limiting step of nitrification, 
converting ammonia to NO2

-, and is catalyzed by AMO, which is encoded by the amoA gene (Alves 
et al., 2018). Elevated amoA gene copy numbers have been shown to be positively correlated with 
the relative abundance of NO2

- oxidizers from the phylum Nitrospirota (Daims et al., 2015). No 
differences were observed between W1 and W2 for amoA of AOA, which suggests that AOB were 
the main ammonia-oxidizers in both soils (Sterngren et al., 2015). This is in accordance with 
previous studies reporting a less important role of AOA in soils with high mineral fertilization 
(Levičnik-Höfferle et al., 2012; Chen et al., 2023). The higher initial NH4

+ in W2 at T1 could have 
stimulated the amoA of AOB, due to the increase in available substrate for oxidation. This 
stimulated nitrification in response to the increased NH4

+ availability from the decomposing 
residues of the preceding WW. Over time, this trend weakened, as shown by the insignificant 
overall main effect of the rotational position on amoA of AOB at T2 and the higher NH4

+ in W1 
than W2. 
 Bacterial nirK and nirS genes encode NO-producing NO2

- reductase. NO is then reduced 
to nitrous oxide (N2O) during denitrification, further reduced to N2 by nitrous oxide reductase 
encoded by nosZ (Zumft, 1997). Liu et al. (2023) described crop rotation as an important moderator 
of N-related genes. Both nirK and nirS are considered important predictors of N losses via N2O 
emissions (Yajun Yang et al., 2022). (Giongo et al., 2024) assessed the relative abundance of 
bacterial N-cycling genes in the RA, RH and RP soil of two rotational positions of WW, i.e., first 
WW after oilseed rape and a 15-year WW monocropping in silty loam Luvisol. Although soil 
depth was an important driver of microbial community composition, they did not find differences 
between the rotational positions of WW. In our study, although there was no effect of the rotational 
position of WW on bacterial nosZ gene copy numbers, we found a significant increase in nirS gene 
copy numbers in W2 in both topsoil and subsoil at tillering. nirS genes are linked to denitrification, 
the major N loss pathway that reduces NO3

- to N2 or N2O (Wei et al., 2015). The higher bacterial 
nirS gene abundance indicates a higher conversion of NO2

- to NO in the second step of 
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denitrification (Wei et al., 2015) and therefore a more active denitrification in W2 compared to 
W1. Even though we found more NO3

- in the soil of W1 at T1, the increase of bacterial nirS gene 
copy numbers in W2 suggests that NO3

- is rapidly used and transformed by denitrifiers and thus 
lost for uptake by the WW roots. Perhaps, the secretion of certain compounds derived from oilseed 
rape residues suppresses the denitrifiers, which in turn leads to a higher NO3

- content in the soil of 
W1 than W2. 
 A higher rate of N-fixing bacteria (increase of bacterial nifH gene copy numbers that 
encode for the nitrogenase enzyme) was noticed only at tillering and in the topsoil of W2 compared 
to W1, possibly hinting at a higher conversion of N2 to NH4

+ in the rhizosphere of continuous 
WW. These N-fixing bacteria seemed to be relatively more abundant under the N-limiting 
conditions of W2 (Chen et al., 2024), possibly contributing to the increase of soil NH4

+ from T1 
to T2, while the respective increase in soil NH4

+ from T1 to T2 in W1 was mainly due to enhanced 
root exudation, growth and turnover (Kaloterakis et al., 2024a). The microbial community is 
obviously adapting to the initial nutrient limitation (at least during the early growth) by shifting to 
more N-fixing bacteria. Plants actively participate in this interaction through root exudation to 
recruit N-fixing microbes under N-deficient conditions (Wassermann et al., 2023), as reflected in 
the exudation of flavonoids by maize under N-limiting conditions (Yu et al., 2021). The lower and 
higher activity of LAP and BGU, respectively, in W2, might be indicative of the response of the 
bacterial community to increasing soil N content by stimulating the breakdown of cellulose-rich 
residues of the preceding WW and increasing the abundance of nifH genes. Under increased soil 
mineral N content, the relative abundance of nifH genes is known to decrease (Hao et al., 2022), 
similar to what we observed in the soil of W1 at T1. According to the ecological theory, at 
relatively higher mineral N conditions, diazotrophs will preferentially use mineral N, since it is a 
more energetically efficient strategy than fixing atmospheric N2 (Contosta et al., 2011).  

3.4.3 Contrasting drivers of soil N cycling among the rotational positions 
of WW contribute to yield discrepancies 

In a 13CO2 pulse labeling experiment, (Kaloterakis et al., 2024a) showed that successive WW 
rotations invest a lower amount of photosynthates above- and belowground compared to WW after 
oilseed rape, which contributes to reduced plant growth. They also reported a long-lasting effect 
of increased belowground 13CO2 fluxes from flowering until grain ripening for WW grown 
following oilseed rape. Extending the outcome of this study, we show here that the positive PSF 
of WW grown after oilseed rape is also strongly related to its ability to utilize the residual soil 
mineral N pool. We argue that this is mainly due to distinct changes in the N cycling in the soil of 
W1 compared to W2.  
 At the grain ripening stage, the higher soil NH4

+ content in W1 and the lower amoA 
abundance from AOB indicate that, relative to NH4

+, more soil NO3
- was taken up by W1 plants 

compared to W2 and thus significantly less soil NO3
- was found in W1 soil. The higher nitrification 

activity in W2 converted more of the available NH4
+ to NO3

-, which was not utilized by the plants 
due to the reduced root growth throughout the soil profile. The higher LAP activity of W1 at 
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tillering could have stimulated organic N mineralization, resulting in higher NH4
+ content at the 

end of the experiment, which was complemented by its larger root system, with a higher amount 
of root debris and rhizodeposition fueling the turnover of organic matter (Yang et al., 2023).  

3.5 Conclusions 
We assessed the effect of two rotational positions of WW on soil bacterial and archaeal abundance 
and their dynamics by measuring extracellular enzymatic activity, N cycling and yield of WW. 
Our results highlight the vulnerability of successive WW rotations and the benefit of introducing 
the N-rich oilseed rape in the rotation. The soil legacy of the preceding crops caused distinct PSFs 
by shaping the microbial communities and enzymatic activities, which affected N availability for 
the subsequent growth and yield of WW. The higher grain yield in W1 was due to increased root 
growth and soil mineral N during its early growth phase. Conversely, W2 exhibited distinct 
responses to the lower initial soil N as observed by the higher abundances of N-fixing genes, 
nitrification and denitrification-related genes, which were unable to compensate for this early N 
limitation, resulting in substantial yield losses. This study improves our mechanistic understanding 
of how the preceding crops influence key rhizosphere processes that create unique soil legacies for 
the following WW.  



From Soil Legacy to Wheat Yield Decline: Studying the Plant-Soil Feedback Mechanisms in Wheat Rotations 

58 
 

4. Reduced belowground allocation of 

freshly assimilated C contributes to 

negative plant-soil feedback in 

successive winter wheat rotations 
 

Based on: 
Kaloterakis, N., Kummer, S., Le Gall, S., Rothfuss, Y., Reichel, R., Brüggemann, N., 2024. 
Reduced belowground allocation of freshly assimilated C contributes to negative plant-soil 
feedback in successive winter wheat rotations. Plant and Soil. https://doi.org/10.1007/s11104-024-
06696-6 
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4.1 Introduction 
WW is the most cultivated staple crop in the world and a staple food for billions of people 
worldwide, contributing significantly to many national economies (Shewry and Hey, 2015; 
Enghiad et al., 2017). Following a linear increase for many decades, annual WW yield growth is 
currently stagnating, not meeting the forecasted global demand (Calderini and Slafer, 1998; Ray 
et al., 2013; Moore and Lobell, 2015; Schauberger et al., 2018). A 2.4 % increase in crop yields is 
required annually to achieve food security by 2050. For WW, the current 0.9 % annual yield 
growth is markedly lagging behind this target (Ray et al., 2013; Crespo-Herrera et al., 2018). 
Brisson et al. (2010) attributed this observation to agronomic (cereal rotations with more oilseed 
rape and fewer legumes, lower N fertilization), climatic (drought stress), and political causes 
(agricultural policies), while genetic progress did not appear to be an underlying cause.  
 Plant community diversity and succession has been associated with distinct changes in the 
abiotic and biotic parameters of the soil exerting positive or negative PSF, de Vries et al., 2023; 
van der Putten et al., 2013). Among those, changes in nutrient input as well as contrasting quantity 
and quality (C:N ratio) of plant litter induce significant changes in the microbial community 
diversity and composition (Bennett and Klironomos, 2019; Thakur et al., 2021; De Long et al., 
2023). Linking the PSF theory to arable farming, the beneficial effect of a non-cereal pre-crop on 
WW productivity has been well established and yet it is estimated that up to 40 % of the global 
WW cultivation is grown successively (Angus et al., 2015; Yin et al., 2022).  This trend is expected 
to continue in the future due to the focus of agrochemical and breeding companies on the staple 
crops such as WW (Hegewald et al., 2018). This practice is associated with a high risk of soil-
borne pathogens and specifically the necrotrophic fungus Gt, which causes early root senescence, 
rotting, and yield decline (Cook, 2003; Kwak and Weller, 2013). Gt can persist in the soil as a 
saprotroph after WW, has been harvested and its severity increases with increasing frequency of 
WW self-succession (Palma-Guerrero et al., 2021). However, the soil legacy of wheat 
monocropping is not limited to Gt as this has been observed in years without obvious Gt symptoms, 
suggesting that other soil microbes might contribute to the observed effect (Arnhold et al., 2023a; 
Donn et al., 2015). The inclusion of oilseed rape in crop rotations has been widely appreciated for 
its importance to soil structure, suppression of WW pathogens, high post-harvest residual N and 
the production of secondary metabolites i.e., isothiocyanate (Sieling et al., 2005; Weiser et al., 
2017; Hegewald et al., 2018; Hansen et al., 2019). Therefore, the soil legacy of the WW preceding 
crop to the following WW can be expected to exert major control over the productivity of WW.  
 Plants allocate photosynthetic C belowground for root growth and maintenance, as 
indicated by biomass buildup and root respiration (Jones et al., 2009). A part of that C is exuded 
from the roots into the rhizosphere, which is a hotspot for microbe-root interactions. This process 
is termed rhizodeposition and, in combination with root litter and DOC, it constitutes a readily 
available energy source for soil microorganisms (Kuzyakov and Domanski, 2000; Loeppmann et 
al., 2019). Rhizodeposition may provide positive or negative feedback for plant nutrient 
acquisition as indicated by accelerated or decelerated nutrient mineralization by rhizosphere 
microorganisms (Tian et al., 2013; Cheng and Kuzyakov, 2015; Meier et al., 2017). It has been 
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established that the rhizodeposition-to-root biomass ratio shows very small variation, meaning that 
factors affecting root growth are also expected to affect C allocation belowground (Pausch et al., 
2013; Heinemann et al., 2023). The combination of heterotrophic microbial respiration of 
rhizodeposits with autotrophic root respiration constitutes the root-derived CO2 and can be used to 
estimate the fate of freshly assimilated C in plants (Loeppmann et al., 2019; Henneron et al., 2022). 
Whether successively grown WW invests more C belowground to stimulate root growth, root 
biomass and/or microbial activity, or whether it invests less C belowground due to negative soil 
legacy of the preceding crop, remains unknown. 
 13C labeling of plants is a common and valuable approach to distinguish and quantify the 
rhizodeposited C from native soil organic C (SOC). It allows for the investigation of C allocation 
patterns throughout the soil and within the different plant parts (Bahn et al., 2013). In addition, 
recording the time lag between 13C fixation and rhizodeposition belowground provides important 
information regarding the C use within plants as well as the availability of photosynthates to soil 
microorganisms (Brüggemann et al., 2011). Studying C partitioning to the different plant parts and 
to rhizodeposition has great potential to improve our understanding of C allocation patterns in 
high-input agricultural systems that are governed by intense microbial interactions and often 
abiotic stress factors. C allocation dynamics vary depending on plant species, plant genotype, plant 
developmental stage (higher exudation during earlier growth stages), biotic and abiotic factors 
(Pausch and Kuzyakov, 2018; Williams and de Vries, 2020; Chai and Schachtman, 2022). In WW, 
higher exudation for increased nutrient uptake is observed from early growth until flowering with 
a decreasing trend thereafter until full maturity (Sun et al., 2018). At this late developmental stage, 
C is transported to the head during starch synthesis of the grains (Sun et al., 2019). Rhizodeposition 
moderates microbial-plant competition by the provision of labile C and the resulting enhanced 
nutrient cycling when the nutritional demands of the plants are maximal (Hernández-Calderón et 
al., 2018; Mohan et al., 2020).  
 In light of no Gt-resistant WW cultivars (Palma-Guerrero et al., 2021), the projected 
unfavorable climatic conditions for WW cultivation both at European and global scale (Senapati 
et al., 2021; Zhu et al., 2022) and the premature status of the Gt-specific biocontrol research 
(Osborne et al., 2018; G. Zhao et al., 2023), there is an urgent need to decipher the mechanisms by 
which the rotational positions of WW influences its productivity. Here, we investigated how 
different rotational positions of WW influence the allocation of freshly assimilated C in above- 
and belowground plant parts and its subsequent translocation to the rhizosphere of WW. We 
hypothesized that WW self-succession would result in: 

I. a limited assimilate supply to the root system and the associated soil microorganisms 
in successively grown WW due to negative soil legacy feedback and its associated 
decreased plant and root growth. 

II. reduced storage of freshly assimilated C in aboveground plant parts and especially sink 
organs (grains) due to reduced root performance.  

To test these hypotheses, a greenhouse rhizotron experiment was set up with three contrasting 
rotational positions of WW. The plants were pulse-labeled with enriched 13CO2, and the allocation 
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of freshly assimilated C was traced in the top- and subsoil over a 25-day period, spanning from 
flowering until grain filling stage. 

4.2 Materials and Methods 
4.2.1 Experimental design  
Soil was collected in September 2020 from the experimental farm Hohenschulen (54°19′05″N, 
9°58′38″E), Faculty of Agricultural and Nutritional Sciences, Christian-Albrechts-University of 
Kiel, Germany. The crop rotation that is implemented in the experimental farm is: faba beans - 
oats - oil seed rape - WW -WW -WW. The soil is a Cambic Luvisol of sandy loam texture (44 % 
sand, 35 % silt and 21 % clay; Sieling, 2005) with no carbonates. Soil was collected from the 
topsoil (0-30 cm) and subsoil (30-50 cm), from W1, first W2 and W4, and sieved to 2 mm. 
Hereafter, they are referred to as rotational positions. The initial soil properties are summarized in 
Table 4.1. The WW cultivar “Nordkap” was sown on the plots where the soil was collected. They 
were fertilized with N (240 kg N ha-1 split into three doses of 80 kg N ha-1 and applied at BBCH 
25, 30/31 and 50/51. The residues of the preceding crop were not removed from the soil, and the 
field was not plowed before sampling. Note that the presence of Gt experimental plots is well 
documented (Sieling et al., 2005). 
 We conducted a greenhouse rhizotron experiment (May 10, 2021 to November 12, 2021), 
using newly designed rhizotrons with a height of 100 cm, width of 35 cm and inner thickness of 
2.5 cm (Reichel et al., 2022). The greenhouse was located on the campus of Forschungszentrum 
Jülich, Germany. The experiment was organized in a full factorial and completely randomized 
design, consisting of the three rotational positions W1, W2 and W4 with four replicates each, 
resulting in 12 experimental units (rhizotrons). The rhizotrons were rotated randomly on a weekly 
basis. For the online isotopic measurements that are described below, we took measurements of 
W1 and W4 but not W2, as W1 and W4 comprised the most extreme rotational positions and 
showed the most pronounced differences in their root growth. Three replicates from W1 and W4 
were used for the isotopic measurements. Those rhizotrons were equipped with gas-permeable 
tubing (KM-PPMF_O-2020-KF-0201, Katmaj Filtration, Poland; 35 cm length, 0.155 cm wall 
thickness, 0.55 cm i.d., 0.86 cm o.d., 0.2 µm pore size) and polyethylene/aluminum tubing 
(Synflex® 1300, ¼” o.d., Eaton, Bonn, Germany). The gas-permeable tubing was positioned 
horizontally in the soil at six depths (5, 15, 25, 35, 65 and 85 cm) and connected to the sampling 
system with the Synflex® tubing. The tubing was sealed until it was used for the isotopic 
measurements. In this way, air exchange between the inner volume of the gas-permeable tubing 
and the ambient air in the greenhouse could be avoided and water vapor loss minimized. 
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Table 4.1 Initial soil NO3
-, NH4

+, plant-available PCAL, KCAL, sulfate (SO4
2-), magnesium (Mg), 

C:N ratio, pH, DOC, microbial biomass carbon (Cmic), microbial biomass nitrogen (Nmic) and 
Cmic:Nmic for the soil from the different rotational positions. The soil for these analyses was 
collected from the 0-30 cm soil depth. Data are mean ± S.E. (n = 3 for rotational position). Different 
lowercase letters in each column denote significant differences between the rotational positions at 
p ≤ 0.05 using Bonferroni correction for multiple comparisons. ANOVA main effects of rotational 
position are indicated as follows: ns = not significant; * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001. 

Soil 
parameter Unit Rotational position ANOVA 

  W1 W2 W4  

NO3
- mg N kg-1 3.89 ± 0.03a 3.38 ± 0.11b 3.09 ± 0.00b *** 

NH4
+ mg N kg-1 0.11 ± 0.01 0.14 ± 0.02 0.18 ± 0.03 ns 

PCAL mg kg-1 19.3 ± 0.1a 16.1 ± 0.2b 18.4 ± 1.0ab * 
KCAL mg kg-1 51.3 ± 0.8a 27.8 ± 0.7c 35.4 ± 0.2b *** 
SO4

2- mg kg-1 5.3 ± 0.3a 3.5 ± 0.2b 2.9 ± 0.0b *** 
Mg mg kg-1 75.2 ± 1.7 76.8 ± 1.4 84.6 ± 3.0 ns 
soil C:N  9.74 ± 0.02 9.63 ± 0.03 9.68 ± 0.08 ns 
pH  6.73 ± 0.00 6.76 ± 0.01 6.75 ± 0.01 ns 
DOC mg kg-1 29.5 ± 0.3a 22.6 ± 0.7b 29.0 ± 0.2a *** 
Cmic mg kg-1 57.0 ± 2.0b 41.2 ± 3.4c 75.3 ± 1.2a *** 
Nmic mg kg-1 8.2 ± 0.2a 4.3 ± 0.5b 9.3 ± 0.2a *** 
Cmic:Nmic   7.0 ± 0.3b 9.6 ± 0.3a 8.1 ± 0.3b ** 

  
 All rhizotrons were kept inclined at 45° to facilitate root growth along the lower side of the 
rhizotrons. Bulk density was adjusted to 1.45 g cm-3 using topsoil (collected from 0-30 cm) for the 
first 30 cm and subsoil (collected from 30-50 cm) for the following 70 cm. Deionized water was 
added to reach 70 % WHC (215 g H2O soil kg-1) at the onset of the experiment. Thereafter, soil 
moisture was readjusted gravimetrically every 2-3 days to 70 % WHC to ensure well-watered 
conditions. WW seeds (cultivar “Nordkap”) were germinated on petri dishes with sterile filter 
paper for 24 h in the dark at 20 ᵒC. Subsequently, one germinated seed was sown into each 
rhizotron. Each plant was fertilized with 0.78 g of calcium ammonium nitrate fertilizer (13.5 % 
NO3

–N, 13.5 NH4
+-N, 4 % CaO, 1 % Mn, YaraBela® CAN™, YARA GmbHand Co. KG, Dülmen, 

Germany) applied at a rate of 240 kg N ha-1, split to three doses of 80 kg N ha-1 each at BBCH 25, 
BBCH 30/31 and BBCH 50. The plants were harvested at the grain ripening stage (BBCH 92). 
The environmental conditions during the experiments are shown in Fig. C.4. 
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4.2.2 13CO2 labeling during flowering 
In order to quantify the C allocation pattern above- and belowground, we conducted 13CO2 pulse 
labeling during late flowering (BBCH 69). Technical challenges associated with the automatic 
manifold system that was used to measure the 13C-CO2, did not allow for earlier labelling during 
early flowering. The plants were labeled with highly enriched 99 atom-% 13C-CO2 (Campro 
Scientific GmbH, Berlin, Germany). Custom-made polymethyl methacrylate plant chambers (Fig. 
C.1), constructed by the workshop of Forschungszentrum Jülich were fitted onto the rhizotrons 
shortly before the labeling. The chamber comprised a 55° triangle-shaped base (opposite of 5 cm 
× hypotenuse of 6 cm × adjacent 5 cm, wall thickness of 1 cm) with a rubber seal and the plant 
compartment (height of 60.7 cm, length of 40.7 cm and width of 8.7 cm, wall thickness of 0.35 
cm; total volume of 19 240 cm3). Two fans (252 N. DC axial fan, 12 V, 25 × 25 × 8 mm, EBM-
Papst Mulfingen GmbH and Co. KG, Mulfingen, Germany) were fixed at the top corners of the 
chamber to ensure thorough air mixing. A rubber seal port at the uppermost side of the chamber 
was used to inject the 13CO2.  
 Prior to 13CO2 pulse labeling, we monitored the assimilation rate of unlabeled CO2 inside 
the chamber by applying four injections of 20 ml pure unlabeled CO2 to reach a mixing ratio of 
1400 ppm CO2 in the chamber. This was done to adjust the timing of the 13CO2 injections as well 
as to accurately estimate the 13CO2 assimilation time by the plants without the need to keep the gas 
exchange analyzer connected to the plant chamber during the labeling. Prior to the pulse labeling, 
the soil surface was covered with thick gas-impermeable foil to minimize diffusion of 13CO2 into 
the soil. Air temperature, relative humidity, and mixing ratio of unlabeled CO2 was monitored with 
an infrared gas exchange analyzer (Li-8100, Li-COR, Lincoln, NE, USA). When the plants had 
assimilated most of the CO2 and its concentration had dropped to sub-ambient levels, another 
injection was made to reach a CO2 mixing ratio of 1500 ppm inside the chamber. We repeated this 
procedure for a different set of environmental factors (temperature range: 25.5-29.5 °C, relative 
humidity range: 34-50 %, light intensity range: 243-618 µmol m-2 s-1) to obtain accurate 
information on how the assimilation rate of the unlabeled CO2 would change with changes in 
abiotic conditions. For 13CO2 labeling, we made four injections of 20 ml of 13CO2 (99 atom % 13C) 
each in 20-min intervals to ensure that adequate amounts of 13C were fixed by the plants. 
 In order to facilitate the online isotopic measurements, an automatic valve-switching unit 
was constructed (Fig. C.2) following the setup of Rothfuss et al. (2013, 2015). The time course of 
soil δ13C CO2 at the six abovementioned depths was monitored with an isotope ratio infrared 
spectrometer (IRIS, Delta Ray™, Thermo Fisher Scientific, Inc., Waltham, MA, USA) after the 
13CO2 pulse labeling. Data was recorded 2 hours after labeling (0 days after labeling, DAL), for 
two consecutive DAL and on the tenth and twenty-fifth DAL. Every time we fitted the chamber 
onto the rhizotron, the soil surface was covered with gas-impermeable foil to prevent gas exchange 
between the soil and the chamber interior. For the online time-series measurement, we contrasted 
W1 and W4. W2 plants were also labelled on the same day as W1 and W4 but were not used for 
these online measurements. The δ13C was measured at harvest in the plant biomass and in various 
soil pools in all three rotational positions. The excess 13C CO2 was calculated based on the atom% 
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13C excess of every sample, its biomass and C content. All calculations were corrected for the 
background unlabeled 13C, assuming a δ13C CO2 of -27 ‰ of our cereal-dominated soil at the 
beginning of the experiment. We expressed the excess 13C CO2 as a flux of mg13C CO2 min-1 by 
using the flow rate of 100 mL min-1 of CO2-free air that was used in the automatic manifold system 
and the CO2 measurements at each soil depth. 

4.2.3 Plant harvest and analyses 
At harvest (BBCH 92) the aerial plant parts were split into pseudo-stems (hereafter called stems), 
leaves, husks and grains. The rhizotron plates were removed, and the soil profile was then divided 
into seven layers (0-10, 10- 20, 20-40, 40-50, 50-70, 70-80 and 80-100 cm) and samples from all 
soil depths were taken. Due to the extensive root growth throughout the rhizotron, there was no 
root-free BS. Therefore, we considered the soil to be RA. Within every soil depth, several soil 
aliquots were pooled to form a composite sample and then split into several samples before the 
analysis. The roots were retrieved after washing off the soil through a 1-mm sieve and stored in 30 
% ethanol. They were scanned on a flatbed scanner (Epson Perfection V800 Photo, Epson, Japan) 
at 600 dpi to retrieve root growth parameters using the WinRhizo® software (Regent Instruments 
Inc., Quebec, Canada). All plant material was ball-milled (MM 400, Retsch, Germany) and 
weighed into tin capsules (HEKAtech, Wegberg, Germany) for determination of 13C content of the 
various plant parts (roots, stems, leaves, husks and grains) using an elemental analyzer coupled to 
an isotope-ratio mass spectrometer (EA-IRMS, Flash EA 2000, coupled to Delta V Plus; Thermo 
Fisher Scientific Inc., Waltham, MA, USA). 

𝛿13𝐶 =  
𝑅𝑠𝑎𝑚𝑝𝑙𝑒

𝑅𝑉𝑃𝐷𝐵
− 1    (1) 

Where R is the isotope ratio (13C/12C) of the sample (Rsample) and of VPDB (Vienna Peedee 
Belemnite, RVPDB = 0.0111802; Werner and Brand, 2001) respectively. The excess 13C of the total 
plant biomass was calculated based on the atom% 13C excess of every sample, its biomass and C 
content. All calculations were corrected for the background unlabeled 13C, using the fourth 
unlabeled replicate of each rotational position. 
 The chloroform-fumigation extraction (CFE) method (Wu et al., 1990; Joergensen, 1996) 
was used to estimate Cmic and Nmic. Ten grams of fresh soil stored at 4 °C were weighed in beakers 
and placed inside a desiccator. They were incubated with ethanol-free chloroform (80 ml) at room 
temperature for 24 h. Soil samples were then extracted with 0.01 M CaCl2 and analyzed with a 
TOC analyzer (TOC-V + ASI-V + TNM, Shimadzu, Japan). Non-fumigated soil samples were 
extracted with the same protocol. Cmic and Nmic were estimated as the difference between the 
extracted C and N from fumigated and non-fumigated soil samples. The correction factors, kEC = 
0.45 and kEN = 0.4, were used for the calculation of the extractable part of Cmic and Nmic. Ten 
milliliters of extracted fumigated and non-fumigated soil solution were freeze-dried in 
polypropylene vials and stored in a desiccator until further processing. Then, 120 µl of deionized 
H2O were added into every PP vial to solubilize the precipitate. The solution was then pipetted 
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into 5 mm × 9 mm silver capsules and air-dried for 2 days. The capsules were placed into a 
desiccator connected to a vacuum pump and incubated with 200 ml HCl for 1 day. After that, they 
were placed onto a heating plate at 40 °C for 3 hours and stored in the freezer at -20 °C overnight. 
They were then freeze-dried again and fitted into 10 mm × 10 mm silver capsules before 13C 
analysis with the elemental analyzer as described before. These steps were done to measure the 
δ13C of DOC and Cmic. The Cmic δ13C was calculated according to Werth and Kuzyakov (2008). 
The excess 13C of DOC and Cmic was calculated based on the atom% 13C excess of every sample 
and its DOC and Cmic, respectively. All calculations were corrected for the background (initial) 
unlabeled 13C DOC and Cmic values measured at the start of the experiment. 
 Regarding the initial soil properties, soil samples were analyzed for mineral N, DOC, and 
TN. They were extracted using 0.01 M CaCl2 (soil-to-solution ratio of 1:4 w/v), vortexed, shaken 
horizontally for 2 h at 200 rpm, centrifuged for 15 min at 690 × g, filtered through 0.45 µm PP-
membrane filters (Ø 25 mm; DISSOLUTION ACCESSORIES, ProSense B.V., Munich, 
Germany) stored 4 °C and measured on the following day. The pH was measured in the same 
solution using a glass pH electrode (SenTix® 940, WTW, Xylem Analytics, Weilheim, Germany). 
NH4

+ was measured by continuous-flow analysis (Flowsys, Alliance Instruments GmbH, 
Freilassing, Germany). NO3

- and SO4
2- were measured by ion chromatography (Metrohm 850 

Professional IC Anion – MCS, Metrohm AG, Herisau, Switzerland). DOC and TN were quantified 
with a TOC analyzer (TOC-V + ASI-V + TNM, Shimadzu, Japan). Magnesium was with 
inductively coupled plasma optical emission spectroscopy (ICP-OES, iCAP 7600; Thermo Fisher 
Scientific Inc., Waltham, MA, USA). The PCAL and KCAL were measured with ICP-OES (iCAP 
6500; Thermo Fisher Scientific Inc., Waltham, MA, USA) after soil extraction with 0.01 M CAL 
instead of CaCl2 and following the same extraction protocol as mentioned before.  

4.2.4 Data analysis 
Data were checked for normality using the Shapiro-Wilkinson test and for homogeneity of 
variances using the Levene test. For data not meeting the assumptions of normality the Yeo-
Johnson (Yeo and Johnson, 2000) and log transformation were applied. The transformation used 
for a certain variable is mentioned in the respective table that reports the statistical outcome. The 
factors in the general linear models (GLM) were rotational position (three levels) and soil depth 
(seven levels). The data on δ13C of soil respiration measured on five dates was analysed with 
repeated measures ANOVA. Date (five levels), rotational position (two levels) and soil depth 
(three levels) were defined as fixed factors. Bonferroni correction was used for multiple 
comparisons to identify differences between the contrasted factors at p ≤ 0.05. Data analysis was 
performed using R and IBM SPSS Statistics for Windows, version 23 (IBM Corp., Armonk, N.Y., 
USA). Graphs were made with ‘ggplot2’ (Wickham, 2016) and visualizations of Spearman rank 
correlation matrices were made with ‘ggstatsplot’ (Patil, 2021), using R Statistical Software 
(v4.2.1; R Core Team, 2022). 
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4.3 Results  
4.3.1 Excess 13C fluxes of soil respiration 
Online measurement of the pulse-labeled excess 13C of soil respiration at six soil depths revealed 
different allocation patterns of the freshly assimilated C during flowering of WW (Fig. 4.1). 
Translocation of photosynthates to greater soil depths (> 30 cm) peaked at two DAL, with a total 
of 0.006 mg 13C excess min-1 and decreased gradually thereafter until 25 DAL. Rotational 
position had a strong effect (Table C.1) on root-derived 13C fluxes during the measurement period 
of 25 DAL. During the first three measurement time points, there were no significant differences 
between the rotational positions (Fig. 4.1a,b,c). The observations during the last two measurement 
of 10 DAL and 25 DAL, revealed a strong influence of the rotational position on soil respiration 
of freshly assimilated C. More specifically, there was 87.2 % higher 13C excess of the soil respired 
CO2 in W1 compared to W4, with the greater differences been measured in the topsoil layers of 
25 cm and 35 cm. Interestingly, the fluxes of 13C-CO2 were 125 % higher in W1 compared to W4 
25 DAL. This was evident in both the topsoil (151.7 % increase at 25 cm and 160.9 % increase at 
35 cm) and the subsoil (80.1 % increase at 65 cm and 61.9 % increase at 85 cm; Fig. 4.1d,e). 

 
Figure 4.1 Excess 13C of soil respiration in two contrasting winter wheat rotational positions 0 (a), 
1 (b), 2 (c), 10 (d) and 25 (e) days after labeling (DAL). Plants were labeled during late flowering 
(BBCH 69). W1 = first wheat and W4 = fourth wheat after oilseed rape. Different uppercase letters 
in each subplot indicate significant differences between the rotational positions. Different 
lowercase letters indicate significant differences between rotational positions at each soil depth at 
p ≤ 0.05 level according to repeated measured ANOVA with Bonferroni correction for multiple 
comparisons. 
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4.3.2 Plant excess 13C and yield 
Rotational position strongly affected (Table C.2) the allocation of freshly fixed C in WW biomass 
with a significant increase in absolute excess 13C in W1 compared to W2 and W4 (Fig. 4.2). C 
allocation also strongly varied between plant parts, with 11.1 mg excess 13C measured in leaves, 
followed by grains (5.7 mg), stems (5.5 mg), husks (3.3 mg) and roots (0.3 mg). Pairwise 
comparisons between the rotational positions for every plant part followed the overall trend of 
decreased excess 13C  in W2 and W4 compared to W1. More specifically, there was a significant 
reduction in absolute and normalized excess 13C  of W1 compared to W2 and W4 in grain (12.0 
mg vs 2.5 mg and 2.7 mg), husk (7.9 mg vs 1.4 mg and 0.5 mg) stem (11.4 mg vs 3.6 mg and 1.7 
mg, insignificant for W2) and leaf (23.1 mg vs 2.4 mg and 7.9 mg) 13C in W1 but not in root 13C 
(0.4 mg vs 0.2 mg and 0.3 mg, Fig. 4,2a,b). W2 plants exhibited a clear shift in their relative 
allocation of 13C compared to W1 and W4 with lower leaf excess 13C to higher stem excess 13C 
(Fig. 4.2c). Finally, the biomass data revealed a similar trend, with 51.5 % and 45.0 % higher total 
plant DW in W1 compared to W2 and W4, which was mainly due to differences in leaf and root 
biomass (Fig. 4.2d). 
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Figure 4.2 (a) Absolute excess 13C, (b) normalized 13C uptake of W2 and W4 compared to W1, 
(c) relative excess 13C fraction and (d) dry weight of roots, stems, leaves, husks and grains of three 
rotational positions of winter wheat at grain ripening stage (BBCH 92). W1 = first wheat, W2 = 
second wheat, and W4 = fourth wheat after oilseed rape. Asterisks indicate significant differences 
between the rotational positions over all plant parts with *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001. 
Within each plant part, different lowercase letters indicate significant differences between the 
rotational positions at p ≤ 0.05 level according to ANOVA with Bonferroni correction for multiple 
comparisons. 
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4.3.3 Excess 13C of belowground pools 
Freshly assimilated C was also traced in the microbial biomass (excess 13C Cmic), DOC (excess 13C 
DOC) and root (excess 13C root) pool with decreasing amounts at greater depths (Fig. 4.3a,b,c; 
Table C.3). Rotational positon had a significant impact on the excess 13C of those three pools 
(Table C.3) with W2 having lower values compared to W1 and W4 overall (Fig. 4.3 a,b,c). 
Pairwise comparisons revealed a 41.1 % reduction in the DOC excess 13C measured in the 10-20 
cm of W2 compared to W1 (Fig. 4.3b). At the same time, there was a 77.1 % decrease in the root 
excess 13C of W2 compared to W1 in the 0-10 cm soil layer (Fig. 4.3c). 

 
Figure 4.3 Absolute excess 13C of the (a) microbial biomass C (Cmic), (b) dissolved organic carbon 
(DOC) and (c) root biomass in three rotational positions of winter wheat at grain ripening stage 
(BBCH 92). W1 = first wheat, W2 = second wheat, and W4 = fourth wheat after oilseed rape. 
Different uppercase letters in each subplot indicate significant differences between the rotational 
positions. Different lowercase letters indicate differences between rotational positions at each soil 
depth at p ≤ 0.05 level according to ANOVA with Bonferroni correction for multiple comparisons. 
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4.3.4 The effect of rotational position on root growth 
There was a significant main effect of the rotational position on RDW, RMD and RLD (Table C.4; Fig. 
4.4). W1 had a 46.4 % and 44.2 % higher RDW as well as a 49.9 % and 51.1 % higher RMD compared to 
W2 and W4. For RDW, the difference was evident in the 0-10 cm and 20-40 cm (Fig. 4.4a) while for RMD, 
it was evident only in the 20-40 cm (Fig. 4.4b). W1 showed an 36.8 % increase in RLD compared to W2 
which was mainly due to differences in both top soil (0-10 cm) and subsoil (40-70 cm and 70-100 cm; Fig. 
4.4c). The RLD of W4 did not differ significantly from W1 and was overall 16.1 % lower than W1. There 
was an indication of lower RLD in the 40-70 cm and 70-100 cm of W4; however, this trend was also 
insignificant.  
 

 

Figure 4.4 Root dry weight (a), root mass density (b) and root length density (c) of three rotational 
positions of winter wheat at grain ripening stage (BBCH 92). W1 = first wheat, W2 = second 
wheat, and W4 = fourth wheat after oilseed rape. Different uppercase letters in each subplot 
indicate significant differences between the rotational positions. Different lowercase letters 
indicate differences between rotational positions at each soil depth at p ≤ 0.05 level according to 
ANOVA with Bonferroni correction for multiple comparisons. 
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4.3.5 Rotational position-specific correlation analysis 
Correlation analysis (Fig. C.5) of the response variables, for each rotational positon, revealed a 
significant positive correlation between the absolute excess 13C of the root, DOC and Cmic in 
W1.The absolute excess 13C of plant biomass was negatively correlated with RDW and RMD in 
W1, but positively correlated in W2 and W4. The RLD was positively correlated with plant 
biomass in W1, but not in W2 and W4. Finally, the RLD of W2 and W4 was negatively correlated 
with the absolute excess 13C of plant biomass while there was no significant correlation in W1. 

4.4 Discussion 
Using a novel experimental approach, employing real-time quantification of root-derived 13C from 
13CO2 pulse labeling, we showed that preceding crop legacy is a strong determinant of the above- 
and belowground C allocation in WW. To our knowledge, this is the first time that such non-
destructive and real-time method is used to track the fate of photosynthesized C and understand 
the soil legacy effect of preceding crops to WW. 

4.4.1 Winter wheat rotational position strongly influences the 
translocation of freshly assimilated C belowground 

Belowground C allocation is a determinant of several processes, including C and N mineralization 
rates, residue turnover and microbial community composition (Brüggemann et al., 2011; Pausch 
and Kuzyakov, 2018). Freshly assimilated C has a strong stimulatory effect on rhizosphere 
processes, including rhizosphere priming and nutrient cycling that are governed by microbial 
activity (Frey, 2019; Wang et al., 2021). C translocation from WW biomass into soil was already 
evident two hours post 13CO2 labeling with high detectable excess 13C fluxes of the soil respiration 
(Fig. 4.1). This rapid C translocation to soil has been previously observed in a mountain grassland 
labeling study assessing diurnal variations in photoassimilate supply to the roots (Bahn et al., 
2009). We hypothesized that the soil legacy of successively grown WW will lead to reduced 
allocation of freshly fixed C due to a negative soil legacy feedback. Initially there was similar 
excess 13C of the soil respiration in the rhizosphere of W1 and W4. Considering the difference in 
the Cmic of W4 and W1 (Table 4.1), this finding suggests that the microbial community of W1 
consumed the rhizodeposits faster than that of W4. The much higher excess 13C of the soil 
respiration of W1 compared to W4 at 10 and 25 DAL (Fig. 4.1), provides evidence for accelerated 
senescence of the root system of W4. Increased belowground C allocation can help plants cope 
with biotic and abiotic stresses by increasing rhizodeposition and investing more in extensive root 
systems (Sanders and Arndt, 2012; Chandregowda et al., 2023).  
 In the soil of successive WW cultivation, the lower excess 13C CO2 of the soil respiration 
could be a potential strategy to invest more energy into the production of plant defensive secondary 
metabolites i.e., benzoxazinones to cope with a less favorable microbial community which can 
come at the expense of biomass accumulation (Bass, 2024; Gfeller et al., 2024). In our experiment, 
there was no difference in the relative allocation of freshly assimilated C to the root in W2 and W4 
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compared to W1 suggesting that successive WW (Fig. 4.2) rotations can not overcome the negative 
PSF by increasing the translocation of freshly assimilated C to the roots. Reduced rhizodeposition 
could be also complemented by reduced root growth as both can happen simultaneously (Pausch 
and Kuzyakov, 2018; Heinemann et al., 2023). This was evident in our study, as shown by the 
marked decline in RDW, RMD and RLD in successive WW rotation and especially in W2 as well 
as by the negative correlation between biomass and RLD in the successive WW rotations (Fig. 
C.5). It should be noted that separating autotrophic to heterotrophic respiration is experimentally 
challenging (Kuzyakov and Larionova, 2005).  

4.4.2 Uptake of 13C by the rotational position of winter wheat 
The excess 13C of the plant biomass of successively grown WW was much lower than that of WW 
grown after oilseed rape (Fig. 4.2), which was partially reflected in the lower C translocation 
belowground (Fig. 4.1). W1 benefited from the preceding oilseed rape with a higher uptake of 13C 
compared to self-successional wheat, which was accompanied by a much higher biomass, 
especially leaf biomass. The aboveground allocation of freshly assimilated C therefore contributed 
to the negative PSF in successive WW rotations. The highest amount of excess 13C was measured 
in the aboveground plant biomass, followed by soil respiration, extractable DOC, and Cmic. This 
is consistent with a 14CO2 pulse labeling experiment with WW, in which most of the recovered 14C 
was found in plant biomass and soil respiration, whereas root 14C constituted the smallest pool of 
the total traced C (Sun et al., 2018). Although we observed relatively low 13C enrichment in the 
root biomass C pool, we found a higher 13C enrichment of the Cmic (Fig. 4.3), which is opposite to 
what has been described previously for wheat (Van de Broek et al., 2020) but also other plant 
species, such as chicory and alfalfa (Hafner and Kuzyakov, 2016). For the experiment of Van De 
Broek et al. (2020), this could relate to the much higher amount of 13C label that entered the system 
with weekly 13C-pulses as opposed to our single 13C-pulse. However, in another 13C-pulse labeling 
experiment on maize (Meng et al., 2013), the authors found very low recovery rates for root 13C at 
grain filling stage compared to elongation phase, while they observed the opposite trend for shoot 
biomass. This can be attributed to the dynamic C investment strategy of plants that prioritize root 
elongation during tillering for acquiring nutrients and water over root maintenance, while C 
translocation to the grain is dominant following anthesis (Sun et al., 2018). Indeed, plants allocated 
a big portion of the labeled C on aboveground plant parts and especially in the leaves and heads, 
with lower amounts allocated in the stems and roots. This clearly shows a remobilization and 
increased translocation of the assimilated 13C towards the reproductive plant organ and thus, the 
grains of the plants. Thus, the differences in the amount and pattern of 13C allocation between W1 
on the one hand, and W2 and W4 on the other hand, suggest a change in the plants’ growth 
strategies depending on the rotational position of WW.  

4.4.3 The fate of freshly assimilated C belowground 
The amount of 13C traced in the microbial biomass can vary greatly depending on the plant species 
and variety (Elias et al., 2017; Van de Broek et al., 2020). In addition to autotrophic respiration by 
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the roots, heterotrophic (microbial) respiration substantially contributes to total soil respiration 
(Brüggemann et al., 2011). In the rhizosphere, heterotrophic respiration is a very important sink of 
fresh photoassimilates. Similar to other isotopic tracer experiments, we found a strong link 
between belowground allocation of freshly fixed C and soil respiration, DOC and soil microbial 
biomass (Bahn et al., 2013; Tavi et al., 2013; Sommer et al., 2016; Weng et al., 2017; Van de 
Broek et al., 2020). It has been proposed that under conditions of reduced assimilate supply, the 
lack of carbohydrate reserves in microbes contributes to a faster decline in their respiration rate 
(Brüggemann et al., 2011). This was not evident in our experiment, as the excess 13C of the soil 
respiration of W4 was significantly lower compared to W1 during the later growth stage of the 
plants, while the two rotational positions did not differ in the 13C content of their Cmic in the grain 
ripening stage (Fig. C.3). More importantly, we found a higher excess 13C Cmic of W1 and W4 
compared to W2 (Fig. 4.3). Both W1 and W4 had higher initial Cmic values than W2 at the start of 
the experiment (Table 4.1), while there was no significant difference among the rotational 
positions at the end of the experiment (Fig. C.3). This means that the microbial community of W1 
and W4 used more freshly assimilated C for growth compared to W2. Previous research has shown 
the modulating role of the rotational position on microbiome community structure with distinct 
changes in the relative abundance of various bacteria and archaeal phyla in successive WW 
rotations (Giongo et al., 2024; Kaloterakis et al., 2024b). 
 Soil respiration of root-derived 13C in the subsoil was much lower than the topsoil, 
especially during the first two DAL, while this effect was only partly evident 25 DAL (Fig. 4.1). 
This means that the soil microorganisms were not severely C-limited in the subsoil even if there 
were lower 13C amounts of the excess 13C Cmic. Therefore, they must have utilized similar amounts 
of rhizodeposited C under these non C-limiting conditions. This is similar to what Van De Broek 
et al. (2020) reported, with the topsoil layers being more enriched in δ13CCmic compared to the 
subsoil, but this trend was not significant. Alternatively, it has been proposed that differences in 
the C use efficiency of the microbes at the different soil depths could explain the insignificant 
effect of soil depth on δ13Cmic (Li et al., 2021). We also observed a significant main effect of soil 
depth on the distribution of the excess 13C DOC (Table C.3). This suggests that the 13C pool of 
DOC was largely influenced by the distribution of root biomass and/or rhizodeposits along the soil 
profile. In addition, we observed a strong effect of rotational position in the excess 13C DOC. There 
was more 13C traced in the DOC of W1 compared to W2 in both the top- and subsoil as 
hypothesized. DOC sources include decomposing C compounds from plant residues and litter as 
well as root exudates, such as organic acids, amino acids and sugars (Kindler et al., 2011; Panchal 
et al., 2022). Due to its fast turnover time, DOC is an important pool that encompasses changes in 
old and new C cycling in the soil, and as such is a major determinant of soil respiration 
(Brüggemann et al., 2011). Here, we found a strong negative correlation between RLD, excess 13C 
of the overall plant biomass and specifically of the root biomass (Fig. C.5). Increasing RLD to 
compensate for the negative soil legacy of self-succession comes at the expense of incorporating 
less freshly assimilated C into biomass, contributing to the negative PSF in W2 and W4.  
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4.5 Conclusions 
Overall, our results on the 13C traced in soil respiration, plant biomass, labile C and Cmic after 13C 
pulse labeling suggest increased incorporation of recently assimilated C into biomass, followed by 
increased C translocation to the rhizosphere of WW after oilseed rape compared to successively 
grown WW. More of this translocated C was incorporated into microbial biomass directly through 
root exudation or indirectly through the heterotrophic utilization of root litter. The findings of our 
experiment enhance our understanding on the PSF of contrasting WW rotational positions with 
respect to above- and belowground allocation of freshly assimilated C. The indirect effect of 
reduced C allocation in successively grown WW likely caused by a negative soil legacy effect, 
results in reduced root performance and thus potentially lower yield compared to more complex 
crop rotations with higher C allocation below ground. The increased and sustained C investment 
in the root system of W1 is overcompensated by higher and longer overall plant vigor, ultimately 
leading to higher yield.  
  



From Soil Legacy to Wheat Yield Decline: Studying the Plant-Soil Feedback Mechanisms in Wheat Rotations 

75 
 

5. Compost application compensates 

yield loss in a successive winter wheat 

rotation: evidence from a multiple 

isotope labeling study 
 

Based on: 
Kaloterakis, N., Rashtbari, M., Reichel, R., Razavi, B.S. and Brüggemann, N. 2025. Compost 
Application Compensates Yield Loss in a Successive Winter Wheat Rotation: Evidence From a 
Multiple Isotope Labelling Study. Journal of Sustainable Agriculture and Environment. 
https://doi.org/10.1002/sae2.70079 
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5.1 Introduction 
Due to its high economic importance, higher proportions of WW are added to crop rotations by 
growing two or more WW crops after a break crop (Kwak and Weller, 2013). On a global scale, 
up to 40 % of the cultivated WW is grown successively, with only a late summer fallow as a break 
(Angus et al., 2015; Yin et al., 2022). Growing WW successively in the same field increases the 
risk of soil-borne infections, such as the take-all disease caused by Gt, which is the most important 
soil-borne fungal pathogen of WW, causing root rotting and significant yield losses (Cook, 2003; 
Kwak and Weller, 2013). However, this yield decline has also been observed in years lacking 
evident Gt infestation (Arnhold et al., 2023a). Recent studies have shown that the soil microbial 
community structure is affected by the rotational position of WW, suggesting that yield decline in 
successive WW rotations is a complex phenomenon, not limited to Gt (Giongo et al., 2024; 
Kaloterakis et al., 2024b).  
 Adding non-cereal break crops to the rotation, such as oilseed rape, has been shown to 
enhance the yield of the following WW (Angus et al., 2015; Weiser et al., 2017). The improvement 
of pathogen suppression, soil aggregation, soil structure and high post-harvest residual N (N; 
approximately 70 kg N ha-1) are among the most frequently reported benefits of oilseed rape 
addition to the rotation, although it might come at the expense of increased environmental N losses 
(Sieling et al., 2005; Sieling and Kage, 2006; Weiser et al., 2017; Hegewald et al., 2018; Hansen 
et al., 2019; Kerdraon et al., 2019). In successive WW rotation, this beneficial effect is missing, 
and the following WW experiences a long-lasting growth reduction that is exacerbated by reduced 
plant and soil C allocation and plant nutrient uptake. Previously, successive WW rotations have 
been associated with divergent bacterial and archaeal communities (Giongo et al., 2024; 
Kaloterakis et al., 2024b) and C allocation patterns (Kaloterakis et al., 2024a). Whether the 
beneficial effect of oilseed rape can be achieved in successive WW rotation by adopting certain 
management practices, such as incorporating organic fertilizers, remains unknown. 
 The use of OA, such as compost, could increase the productivity of conventional farming 
systems in a sustainable manner (Keeling et al., 2003; Lee et al., 2021) by promoting the build-up 
of SOM and nutrient supply to plants, while avoiding nutrient losses, mainly through leaching 
(Agegnehu et al., 2017; Heisey et al., 2022; Duan et al., 2023). OA have been recognized for their 
multifunctionality in agricultural production mainly due to their high SOM content and, in the case 
of compost, plant-available N, PCAL and KCAL (Siedt et al., 2021; Nobile et al., 2022). OA 
positively influence soil structure and C storage, with organic C acting as a soil-binding agent, 
which improves soil aggregation (Siedt et al., 2021). Compost effectively prevents C mining and 
loss of stabilized native SOM by providing labile C for microbial uptake, thus contributing to C 
stabilization in the soil (Wang et al., 2022). Soil microbes preferentially use the labile C substrate 
from the compost and reduce decomposition of the relatively stable SOM, causing a negative 
priming effect (Dijkstra et al., 2013). Depending on the soil depth at which the compost is applied, 
the associated increase in SOM is expected to have a positive effect on water retention and 
potentially on water uptake by plants, especially in deeper soil layers (Uhlig et al., 2023; Feifel et 
al., 2024). OA have also been found to increase plant water uptake and help plants recover quickly 
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from drought, although this effect is likely to be dependent on the components of the compost 
(Nguyen et al., 2012; Kowaljow et al., 2017; Soudek et al., 2024). 
 The ability of compost to influence the C transfer between plants and microbes may be an 
appropriate strategy to mitigate yield losses in successive WW rotations. By increasing the 
substrate availability for microbes, compost can stimulate enzymatic activities and promote plant 
nutrient availability and uptake, especially under the limited N supply conditions of successive 
WW rotations. Tilston et al. (2005) reported a benefit of the application of green-waste compost 
in reducing take-all severity and yield losses in WW, showing that compost application not only 
provides plant-available nutrients, but also supports microbial activity and enhances plant health. 
Thus, the multifunctionality of compost offers an effective soil management practice to address 
the yield decline in successively grown WW by addressing multiple soil health aspects.  
 However, the key question remains open whether the benefits of compost application 
influence the processes that are already occurring in the rhizosphere of WW, which in turn are 
influenced by the soil legacy of the preceding crop, such as rhizodeposition. Plants allocate a 
significant fraction of the assimilated C below ground through active and passive processes such 
as root respiration, root exudation, emission of volatile organic compounds, mucilage production 
and root wilting (Brüggemann et al., 2011; Kuzyakov and Xu, 2013). For WW, an estimated 20-
30 % of this assimilated C is deposited in the soil via the roots (Kuzyakov and Domanski, 2000; 
Loeppmann et al., 2019). This labile C is fueling microbial activity and its associated nutrient 
cycling in the soil, and this process is particularly intense in the rhizosphere (Jones et al., 2009). 
In fact, plants actively recruit microbial taxa that compete with pathogens for the available 
resources in the rhizosphere, produce inhibitory metabolites that prevent pathogen growth, 
mobilize nutrients or influence plant hormonal expression (Philippot et al., 2013).  
 Recent studies have explored the mechanisms underlying yield decline in successive WW 
rotations (Kaloterakis et al., 2024a, 2024b), but the influence of compost on the rhizosphere 
processes of successive WW rotations and potential mitigating mechanisms for the associated 
yield decline remain unknown. Therefore, our objectives were to: 1) assess the potential of green-
waste compost (referred to as compost hereafter) application to compensate for yield losses in 
successive WW rotations, and 2) assess the effect of compost application on plant and soil C 
allocation patterns, plant N uptake and water uptake in contrasting WW rotations. We 
hypothesized that (i) there would be reduced C allocation above- and below ground in the 
successive WW rotation, while compost application would increase C allocation above- and below 
ground and stimulate microbial activity by enhancing C and N cycling enzymatic activity, and (ii) 
this would result in enhanced root growth, followed by increased N uptake, enhanced subsoil water 
uptake and finally increased yield. To test these hypotheses, an outdoor mesocosm experiment was 
conducted, contrasting two rotational positions of WW, i.e., WW grown after oilseed rape 
compared with WW grown in self-succession. We combined biochemical, enzymatic and isotopic 
analyses to assess nutrient and C availability in the soil of the different rotational positions and to 
understand the potential mechanisms of underlying compost effects on the successive WW 
rotation. 
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5.2 Materials and Methods 
5.2.1 Experimental design  
The soil used in the experiment was collected from an experimental farm located near Harste in 
Germany (51°36′23.5″N, 9°51′55.8″E) and was classified as a silty loam Luvisol. A detailed 
overview of the agricultural management and the crop rotations that were implemented on the 
farm, has been provided by Arnhold et al. (2023b). The soil was collected from 0-30 cm and 30-
50 cm soil depth after one season of oilseed rape cultivation and after one year of WW after oilseed 
rape cultivation. After the harvest of the preceding crops, the plant residues were not removed 
from the field and the soil was not ploughed before the soil was collected for the experiment. The 
following rotational positions of WW were simulated in this study, after sowing WW on the 
collected soil: 1) W1, and 2) W2, each treatment replicated six times.  

Table 5.1 Initial soil NO3
-, NH4

+, plant-available phosphorus (PCAL), plant-available potassium 
(KCAL), sulfate (SO4

2-), magnesium (Mg), C:N ratio, pH, DOC, microbial biomass carbon (Cmic), 
microbial biomass nitrogen (Nmic) and Cmic:Nmic for the soil from the different rotational positions. 
The soil for these analyses was collected from the 0-30 cm soil depth. Data are mean ± S.E. (n = 
3 for rotational position). Different lowercase letters in each column denote significant differences 
between the rotational positions at p ≤ 0.05 using Bonferroni correction for multiple comparisons. 
Main effects identified by ANOVA of rotational position are indicated as follows: ns = not 
significant; * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  
 We conducted an outdoor experiment (November 8, 2022 to July 18, 2023) using custom-
made cylindrical polyvinyl chloride (PVC) sewage pipes (135 cm height, 10.5 cm inner diameter, 

Soil 
parameter Unit Rotational position ANOVA 

  W1 W2  
NO3

- mg N kg-1 18.0 ± 0.06a 12.5 ± 0.73b ** 
NH4

+ mg N kg-1 0.14 ± 0.02 0.12 ± 0.01 ns 
PCAL mg kg-1 40.4 ± 0.2 35.5 ± 1.9 ns 
KCAL mg kg-1 58.8 ± 0.4a 27.3 ± 5.0b ** 
SO4

2- mg kg-1 7.0 ± 0.2ba 1.8 ± 0.1b *** 
Mg mg kg-1 72.5 ± 0.8a 47.0 ± 1.2b *** 
soil C:N  8.75 ± 0.12 8.93 ± 0.12 ns 
pH  6.81 ± 0.003 6.79 ± 0.004 ns 
DOC mg kg-1 38.9 ± 0.3a 30.9 ± 0.6b *** 
Cmic mg kg-1 70.4 ± 2.4a 52.3 ± 4.2b * 
Nmic mg kg-1 10.2 ± 0.3a 5.6 ± 0.4b *** 
Cmic:Nmic   6.9 ± 0.04b 9.3 ± 0.06a *** 
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Fig. D.1b) with a perforated PVC sleeve at the bottom for drainage. Two opposite sides of the 
pipes were perforated vertically with resealable 20-mm holes to enable soil sampling during plant 
growth. The distance between the holes was 5 cm for the first 30 cm of the pipe, followed by 10 
cm distance between the holes for the remaining depth of the pipe. Custom-made PVC screws 
were inserted in every hole and sealed with O-rings. The pipes were placed inside the empty space 
of a lysimeter pit (120 cm depth × 105 cm width × 105 cm length) in an outdoor lysimeter area of 
Forschungzentrum Jülich, Germany (50°54′31.9″N 6°24′11.0″E). To expose the plants to realistic 
field conditions, we placed two layers of Styrofoam™ in the first 42 cm of the pit. Six 10.5-cm 
holes were created in the Styrofoam™ to insert the pipes and minimize air exchange between the 
pit and the environment (Fig. D.1a). The treatments included the W1 and W2 rotational position 
without and with compost (W1C and W2C) with 6 replicates each. We used a total of 4 pits and 
24 pipes. The experimental unit was the pipe, in which a single plant was growing. A temperature 
sensor was placed in two of the four pits at a depth of 70 cm to record temperature fluctuations 
throughout the experiment.  
 Green-waste compost (GABCO Kompostierung GmbH, Würselen, Germany) was applied 
at a rate of 40 t fresh mass ha-1 once and thoroughly mixed with the top soil (0-30 cm) of each pipe 
before sowing. The compost consisted of kitchen and green waste (gardening and landscaping 
waste, including tree and hedge cuttings, plant leaves and grass clippings). The compost contained 
(on a fresh mass basis): 30.7% water, 21.6% C, 1.29% total N (C:N ratio of 13), 1.19 % organic 
N, 0.97 % mineral N (95 % NH4

+-N and 5 % NO3
--N), 0.3% total P 1 % total K, 0.31 % total Mg 

and had a pH (1:5 w/v H2O) of 9.1. The composition of the compost was certified by the German 
Institute for Quality Assurance (RAL Deutsches Institut für Gütesicherung und Kennzeichnung 
e.V., Bonn, Germany).  
 Soil bulk density was adjusted to 1.35 g cm-3 in the topsoil and to 1.45 g cm-3 in the subsoil 
(30-100 cm). The bottom 30 cm of the pipes was filled with 1.80 g cm-3 quartz sand for drainage. 
Deionized water was added to adjust soil moisture to 70 % water-holding capacity (corresponding 
to 227 g H2O soil kg-1) at the onset of the experiment. Thereafter, the plants were kept rain-fed 
throughout the experiment (Fig. D.2). WW seeds (cultivar “Nordkap”) were germinated on a Petri 
dish with sterile filter paper for 24 h in the dark at 23 ᵒC. Subsequently, one germinated seed was 
planted into each pipe. The plants were fertilized with 80 kg N ha-1 of calcium ammonium nitrate 
(CAN, 13.5 % NO3

–-N, 13.5 % NH4
+-N; Raiffeisen Waren-Zentrale Rhein-Main eG, Cologne, 

Germany) at BBCH 25, 30/31 and 50/51, resulting in a total of 240 kg N ha-1 applied throughout 
the experiment. The fertilizer was mixed with 10 atom% (15NH4)2SO4 (Merck KGaA, Darmstadt, 
Germany) to reach a target δ15N of 5000 ‰.  

5.2.2 13CO2 pulse labeling at early flowering 
When the plants reached early flowering (BBCH 60/61 at 205 DAS, hereafter called T1), we 
conducted 13CO2 pulse-labeling. First, the soil surface was covered with a thick gas-impermeable 
PVC membrane to minimize diffusion of 13CO2 into the soil. Thereafter, custom-made polymethyl 
methacrylate plant chambers, constructed by the workshop of Forschungszentrum Jülich, were 
fitted onto the pipes shortly before the labeling. The chamber consisted of a base (3 cm height × 
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10.5 cm diameter; 0.35 cm wall thickness) and the plant compartment (60 cm height × 20 cm 
diameter; 0.35 cm wall thickness). Two fans (252 N. DC axial fan, 12 V, 25 × 25 × 8 mm, EBM-
Papst Mulfingen GmbH and Co. KG, Mulfingen, Germany) were fixed at opposite sides of the 
upper part of the chamber for air mixing. A rubber seal port on the top plate of the chamber was 
used to inject the 13CO2, while another port was used to measure the temperature inside the 
chamber. 13CO2 pulse labeling was done by injecting 20 mL of 99 atom-% 13C-CO2 (Campro 
Scientific GmbH, Berlin, Germany) inside the chambers. Prior to 13CO2 pulse labeling, we 
monitored the decay rate of unlabeled CO2 inside the chamber by injecting 20 mL of pure unlabeled 
CO2 to reach a mixing ratio of 1500 ppm CO2 inside the chamber. This allowed us to adjust the 
timing of the CO2 injections and to record the CO2 assimilation time of the plants. Air temperature, 
relative humidity, and mixing ratio of unlabeled CO2 was monitored with an infrared gas exchange 
analyzer (Li-8100, Li-COR, Lincoln, NE, USA). When the concentration dropped to sub-ambient 
CO2 levels, another injection of 20 mL was made to reach a CO2 mixing ratio of 1500 ppm inside 
the chamber. For 13CO2 labeling, a total of three injections of 20 mL of 13CO2 each were made in 
20-min intervals to ensure that a sufficient amount of 13C was fixed by the plants. 

5.2.3 1H2HO and H2
18O labeling and soil sampling at flowering and grain 

ripening 
Three days after the 13CO2 labeling, the first soil sampling was conducted by temporarily lifting 
the pipes out of the pits to gain access to the holes on the side of the pipes and to collect soil. From 
each of three soil depths (0-30 cm, 30-60 cm and 60-100 cm), we sampled 60 g of soil with 20 g 
sampled from each of the three holes per depth using metal spatulas. The collected soil was then 
thoroughly mixed and divided into several subsamples for the various laboratory analyses. 
Subsequently, 90 ml of 1H2HO (enriched at δ2H = 43000 ‰) and H2

18O (enriched at δ18O = 5000 
‰; Cortecnet Europe, Les Ulis, France) were injected into the soil at a depth of 25 cm and 50 cm, 
respectively. The amount of water injected corresponded to the amount needed to increase the 
water-holding capacity from 60 to 100% in a 5 cm layer of soil. 
 The plants were harvested when they had reached the grain ripening stage (BBCH 90 at 
252 DAS, hereafter called T2). The aboveground plant parts were divided into pseudostems 
(hereafter called stems), leaves, husks and grains. The pipes were then cut into three parts, i.e., 0-
30 cm, 30-60 cm and 60-100 cm, and soil was sampled for the different analyses. For both soil 
sampling time points (T1 and T2), subsamples from all the side holes of each soil depth were 
pooled and mixed to form a composite and representative sample for each soil depth. They were 
stored in the freezer at -25 °C before processing. For the analysis of soil enzymatic activity, the 
samples were stored in the fridge at 4 °C and analyzed within one week. The roots were also 
retrieved after washing off the soil through a 1-mm sieve and stored in 30% ethanol. They were 
scanned at 600 dpi (Epson Perfection V800 Photo, Epson, Japan) and analyzed with the software 
WinRhizo® (Regent Instruments Inc., Quebec, Canada). The following root growth traits were 
measured: root length, Rdia, root surface area and root volume.  Seven root diameter classes were 
selected: 0-0.05 mm, 0.05-0.1 mm, 0.1-0.5 mm, 0.5-1 mm, 1-1.5 mm, 1.5-2 mm, ≥ 2 mm. Using 
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these root growth traits, the RLD, the SRL and the proportion of root length were computed for 
the seven root diameter classes. Estimates of RTD were made as described in Rose (2017). Plant 
DW was determined after oven-drying at 60 °C to constant weight (for a maximum of three days). 
Ball-milled (MM 400, Retsch, Germany) plant and soil samples were weighed into tin or silver 
capsules (HEKAtech, Wegberg, Germany) for determination of δ13C,  δ15N, δ2H and δ18O using 
an elemental analyzer coupled to an isotope-ratio mass spectrometer (EA-IRMS, Flash EA 2000, 
coupled to a Delta V Plus; Thermo Fisher Scientific Inc., Waltham, MA, USA). All biochemical 
analyses were performed as described in detail in Kaloterakis et al. (2024b). The quantification of 
isotopes and isotopic calculation were done as described in Kaloterakis et al. (2024a). Calculations 
for the atom% 2H and 18O of the biomass were corrected for the background (initial) unlabeled 2H 
and 18O content of the different plant parts using the following values for 2H and 18O, respectively: 
39.3 ‰ and -32.9 ‰ for the grains, 33.3 ‰ and -88.7 ‰ for the husks, 20.5 ‰ and -128.6 ‰ for 
the leaves, 27.2 ‰ and -99.1 ‰ for the stems, and 25.1 ‰ and -88.1 ‰ for the roots. These values 
were obtained from earlier experiments, and since the 2H and 18O enrichment levels were very high 
and the labeling uniform throughout the plants, the comparisons between the treatments are 
sufficiently precise. 

5.2.4 Statistical analysis 
The following fixed factors were included in the analysis: rotational position (W1 and W2), OA 
(with and without compost application) and, whenever applicable, soil depth (0-30 cm, 30-60 cm 
and 60-100 cm) and plant part (grain, husk, leaf, stem and root). The following statistical analysis 
was performed in R (v4.2.1. (R Core Team, 2022). We conducted PERMANOVA with 10,000 
permutations using the ‘vegan’ package (Oksanen et al., 2022) to account for deviations from 
normality and homoscedasticity of the data, using the Benjamini-Hochberg p adjustment 
procedure to control the false discovery rate. We conducted follow-up between-subjects t-tests 
with the ‘RVAideMemoire’ package in R (Hervé, 2023). The significance threshold was set 
to α = 0.05. Visualizations of Spearman rank correlation matrices were made with ‘ggstatsplot 
(Patil, 2021) for the response variables and for each rotational position of WW with and without 
OA application. Graphs were generated with the ‘ggplot2’ package (Wickham, 2016). 

5.3 Results 
5.3.1 Soil biochemical properties at T1 and T2 
At T1, we found a significant effect of the rotational position, compost application and soil depth 
on soil NO3

- and NH4
+ (Table D.1). More specifically, the topsoil of W1 had the lowest 

concentration of NO3
-, followed by W1C and W2C. W2 had 164.9% and 250.0% higher NO3

- 
content compared to W1C and W1, respectively, with no significant difference between W2 and 
W2C (Fig. 5.1a). In the 60-100 cm layer, W2 had 150.2% higher NO3

- content compared to W2C.  
 Compost addition increased the soil NH4

+ content of both rotational positions, with 235.9% 
higher soil NH4

+ in W1C compared to W1, and 180.3% higher soil NH4
+ in W2C compared to W2 
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(Fig. 5.1b). Compost amendment also increased the overall DOC content of W2C by 45.7% 
compared to W2, with no obvious differences between W1, W1C and W2. (Fig. 5.1c). Cmic was 
also significantly elevated by 22.5% in the 60-100 cm layers of W2C compared to W1, W1C and 
W2 (Fig. 5.1d). The Vmax of BGU was significantly increased in the compost-amended W1C (Fig. 
D.3a), while the highest Vmax of LAP was found in W1 compared to W1C, W2 and W2C (Fig. 
D.3b). At T2, there were no differences in NO3

-, NH4
+ and DOC between the rotational positions 

with and without compost addition (Table D.2; Fig. 5.1e, f, g). However, there was a 41.8% and 
25.4% higher Cmic in W2C compared to W1 and W2, respectively, in the topsoil (Fig. 5.1h).  

 
Figure 5.1 Effect of the rotational positions on soil NO3

--N (a, e), soil NH4
+-N (b, f), dissolved 

organic C (DOC; c, g) and microbial biomass C (Cmic; d, h) of the following winter wheat at 
flowering (BBCH 61, T1) and grain ripening (BBCH 90, T2), for the first wheat after oilseed rape 
without (W1) and with (W1C) compost addition, and the second wheat after oilseed rape without 
(W2) and with (W2C) compost addition. Different uppercase letters in each subplot indicate 
significant differences between the rotational positions. Within each soil depth, different lowercase 
letters denote significant differences between rotational positions at p ≤ 0.05 level according to 
PERMANOVA with Benjamini-Hochberg p adjustment. Absence of letters indicates non-
significant differences. 

5.3.2 Belowground allocation of 13C and 15N at T1 and T2 
An 18.1% higher absolute excess of 13C (hereafter called 13C excess) of the soil in W2C compared 
to W1 was found in W2C at T1 across all depths (Fig. 5.2a). Soil was significantly enriched in 13C 
in the compost amended rotational positions, which was not the case for the 13C excess of DOC 
and Cmic (Table D.1). However, we found higher 13C excess of DOC in W2C and W2 compared 
to W1 (Fig. 5.2b), with no differences in 13C excess of Cmic and 15N excess of the soil between the 
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rotational positions (Fig. 5.2c, 2d). At T2, soil depth and not rotational position or compost 
application had a significant main effect on the abovementioned response variables (Table D.2; 
Fig. 5.2e, f, g), except the 15N excess  of the soil, where a higher 15N excess in W1 and W1C was 
observed compared to W2C (Fig. 5.2h). 

 
Figure 5.2 Effect of the rotational positions on the absolute 13C excess of the soil (a, e), dissolved 
organic carbon (DOC; b, c) and microbial biomass C (Cmic; c, g) and on the absolute 15N excess of 
the soil (d, h) of the following winter wheat at flowering (BBCH 61, T1) and grain ripening (BBCH 
90, T2), for the first wheat after oilseed rape without (W1) and with (W1C) compost addition, and 
the second wheat after oilseed rape without (W2) and with (W2C) compost addition. Different 
uppercase letters in each subplot indicate significant differences between the rotational positions. 
Within each soil depth, different lowercase letters denote significant differences between rotational 
positions at p ≤ 0.05 level according to PERMANOVA with Benjamini-Hochberg p adjustment. 
Absence of letters indicate non-significant differences. 

5.3.3 Allocation of 13C, 15N, 2H and 18O within the plant and biomass 
accumulation 

Compost addition to W1C increased root biomass and reduced leaf biomass compared to W1 
(Table D.3; Fig. 5.3a). W2 exhibited a 23.2% reduction in biomass compared to W1, which was 
evident for all plant parts except the leaves and the husks (Fig. 5.3a). The addition of compost 
significantly compensated for the reduction in biomass of W2 in all plant parts (Fig. 5.3a). Plant 
C:N ratio was also strongly affected by rotational position and compost addition (Table D.3). We 
observed a 19.2% and 22.3% reduction in the C:N ratio of W1 and W2C compared to W2 (Fig. 
5.3b). Compost addition did not change the overall plant C:N ratio of W1C plants compared to 
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W1, but increased the C:N ratio of their roots. Compost addition resulted in 46.2% higher 13C 
excess in the biomass of W2C compared to W2 (Table D.4; Fig. 5.3c). Notably, the 13C excess of 
W2 grains was significantly lower than that of W1, W1C and W2C. This was also the case for all 
plant parts except the leaves and husks.  

 
Figure 5.3 Dry weight (a) and C:N ratio (b), absolute 13C excess (c) and relative 13C excess fraction 
of roots, stems, leaves, husks and grains (d) of two rotational positions of winter wheat at grain 
ripening stage (BBCH 90, T2), for the first wheat after oilseed rape without (W1) and with (W1C) 
compost addition, and the second wheat after oilseed rape without (W2) and with (W2C) compost 
addition. Different uppercase letters indicate significant differences between the rotational 
positions over all plant parts with *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001. Within each plant part, 
different lowercase letters indicate significant differences between the rotational positions at 
p ≤ 0.05 level according to PERMANOVA with Benjamini-Hochberg p adjustment. Absence of 
letters indicate non-significant differences. 
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We also found an increase in the relative allocation of 13C to grains and husks in W2 compared to 
W1 (Fig. 5.3d). Compost addition also increased the relative allocation of 13C to roots in both W1C 
and W2C compared to their unamended counterparts W1 and W2. 
 W2 showed a decreased 15N excess in all plant parts, except for the husks, compared to W1 
and W1C (Fig. 5.4a). Compost addition increased the 15N excess in all plant parts in W2C, except 
for stems and husks, compared to W2. A similar trend was observed when measuring the 2H excess 
of the different plant parts of the rotational positions. The grains of W1, W1C and W2C had a 
26.4%, 41.8% and 46.2% higher 2H excess compared to W2, respectively (Fig. 5.4b). Compost 
addition increased the 2H of the stems in both W1C and W2C compared to their unamended 
couterparts. We also obeserved a signficant decrease in the overall 18O excess of W2C compared 
to W1 (Fig. 5.4b). Compost addition reduced the amount of 18O incorporated into the grains of 
W1C and W2C compared to W1 and W2, repectively. Plant biomass was positively correlated 
with the 13C, 15N, 2H and 18O excess in W1 and W2, with and without compost addition (Fig. D.4). 

 
Figure 5.4 Absolute 15N (a), 2H (b) and 18O (c) excess of roots, stems, leaves, husks and grains of 
two rotational positions of winter wheat at grain ripening stage (BBCH 90, T2), for the first wheat 
after oilseed rape without (W1) and with (W1C) compost addition, and the second wheat after 
oilseed rape without (W2) and with (W2C) compost addition. Different uppercase letters indicate 
significant differences between the rotational positions over all plant parts with *p ≤ 0.05; **p ≤ 
0.01; ***p ≤ 0.001. Within each plant part, different lowercase letters indicate significant 
differences between the rotational positions at p ≤ 0.05 level according to PERMANOVA with 
Benjamini-Hochberg p adjustment. Absence of letters indicate non-significant differences. 

 The 13C excess of the W2 roots in the topsoil was on average 64.4%, 71.7% and 44.3% 
lower compared to W1, W1C and W2C, respectively (Table D.5; Fig. 5.5a). In the 60-100 cm soil 
layer, compost addition increased the 13C excess of the roots of W2C compared to W2. A similar 
trend was observed with respect to the 15N excess with W2C, with increased values compared to 
W2 throughout the soil profile (Fig. 5b). RDW was significantly reduced in the topsoil of W2 
compared to W1, W1C and W2C (Fig. 5.5c). In the 60-100 cm soil layer, compost addition 
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increased RDW in W2C compared to W2. Finally, RLD was similar across all rotational positions 
(Fig. 5.5d).  

 

Figure 5.5 Absolute 13C (a) and 15N (b) excess of roots, root dry weight (c) and root length density 
(d) of two rotational positions of winter wheat at grain ripening stage (BBCH 90, T2), for the first 
wheat after oilseed rape without (W1) and with (W1C) compost addition, and the second wheat 
after oilseed rape without (W2) and with (W2C) compost addition. Different uppercase letters 
indicate significant differences between the rotational positions over all plant parts with *p ≤ 0.05; 
**p ≤ 0.01; ***p ≤ 0.001. Within each plant part, different lowercase letters indicate significant 
differences between the rotational positions at p ≤ 0.05 level according to PERMANOVA with 
Benjamini-Hochberg p adjustment. Absence of letters indicate non-significant differences. 
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5.4 Discussion 
5.4.1 Initial soil characteristics as the basis for legacy effects on plant 

performance 
The soil legacy of the preceding crop of WW had a significant impact on the soil nutrient status 
and thus, on nutrient availability and uptake of the following WW. Previous studies have shown 
that the soil after oilseed rape contains high levels of mineral N that is directly available for plant 
uptake (Groeneveld et al., 2024; Kaloterakis et al., 2024b). In these studies, the higher Cmic buildup 

at the tillering stage in W2 compared to W1 was suggested to induce N immobilization and, as a 
result, reduced N availability for WW. A potential dysbiosis in the soil of W2 was also discussed 
as a confounding factor for this early growth reduction in successively grown WW. In our 
experiment, a higher mineral N content (both NO3

- and NH4
+) and a generally higher nutrient 

content were measured in the soil of W1 compared to W2, together with a higher Cmic (Table D.1). 
This confirmed the beneficial management practice of cultivating oilseed rape before WW.  
 Although the residues of oilseed rape are rich in N, the higher content of other nutrients, 
such as SO4

2-, Mg, PCAL and KCAL, provided the basis for a better early establishment of W1 in the 
field compared to W2. The initial Cmic of W1 was significantly higher than W2, which was 
associated with a higher DOC content. These two variables respond similarly in cases where 
accelerated decomposition produces more GLU in the soil that can be directly used by the microbes 
and be incorporated into Cmic. Together with the higher mineral N content in W1, this suggests that 
microbes are neither C- nor N-limited and do not immobilize N early in the growing season. 

5.4.2 Evidence of soil legacy at later growth stages and compensation of 
initial disadvantages of W2 by addition of compost 

 Flowering is a very important stage that determines the grain yield of WW and, as such, it was 
important to assess the soil biochemical conditions and the potential growth-promoting role of the 
compost addition. At T1, the soil NO3

- content was already very low, indicating high N uptake 
rates by WW and/or high N losses due to denitrification, which was not the focus in our study. The 
higher NH4

+ content at T1 for the compost-amended W1C and W2C showed that compost 
stimulated N mineralization and provided a slow and steady supply of nutrients that could be 
utilized by plants and microbes. In fact, it is estimated that only a small portion of OA is 
mineralized within the first year after its application, depending on its composition (Agegnehu et 
al., 2017). The low C:N ratio of 13 of the green-waste compost applied in this study should make 
the compost more readily available for microbial (especially bacterial) use, which was probably 
the reason why higher N mineralization occurred in compost-amended soils, a possible cause of 
the significant compensation of yield losses in the self-successive WW rotation. The higher NH4

+ 

availability in W2C compared to W2 is linked to its higher Cmic, which was also the highest among 
all rotational positions. This means that even though W2 started with a lower Cmic and DOC 
compared to W1, compost amendment compensated for this initial difference, which potentially 
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led to a higher NH4
+ in W2C. This is further supported by the higher DOC in W2C compared to 

W2.  
 According to our first hypothesis, compost application stimulated GLU release, as shown 
by the high BGU activity, but only in W1C and not in W2C. LAP activity was the highest in W1, 
suggesting that LAP stimulated organic N mineralization and the production of NH4

+ (Yang et al., 
2023). Kaloterakis et al. (2024b) found a higher BGU activity in W2 compared to W1 at tillering 
and attributed this to the quality of the preceding crop residues (higher N content of the residues 
of oilseed rape compared to WW). In our study, the BGU activity was more linked to compost 
mineralization at T1 than decomposition of the preceding crop residues. In contrast to mineral 
fertilizers, compost provides nutrients in organic forms that need to be mineralized first before 
they become available for plant uptake, acting as a slow-release fertilizer (Amlinger et al., 2003; 
Al-Bataina et al., 2016). Furthermore, compost addition to soil is known to induce higher 
exudation rates that in turn stimulate nutrient solubilization and uptake by plants (Rosa et al., 2021; 
Kumar et al., 2024). Another potential explanation for the increased NH4

+ in the compost-amended 
treatments may be that compost application boosted root growth. The larger root system of W2C 
may have increased the C input either through increased rhizodeposition or increased root litter 
decomposition (Remus et al., 2022), which fueled microbial activity, N mineralization and thus, 
NH4

+ production.  

5.4.3 Belowground allocation of 13C and 15N at the flowering and grain 
ripening growth stages 

At T1, we traced 13C in different belowground pools and found that soil depth had a strong 
influence on the transfer of the 13C label in the Cmic pool, with lower values in the 60-100 cm soil 
layer, which is in contrast to previous studies (Van de Broek et al., 2020; Kaloterakis et al., 2024a). 
The amount of 13C label that ends up in the Cmic pool is dependent on the C use efficiency of the 
microbes, which changes at different depths (Li et al., 2021). Soil depth strongly affected the 13C 
excess in the DOC pool, which is linked to the root distribution across the soil profile but also 
exudation intensity and root litter turnover (Kaloterakis et al., 2024a). 
 According to our first hypothesis, we found that a significantly higher amount of the 13C 
label ended up in the soil of compost-amended WW, especially W2C. This shows that WW 
benefited from the compost by stimulating root growth and, as a result, increased 13C translocation 
below ground. This higher 13C in the soil of W2C compared to W2 was utilized by the larger 
microbial pool of W2C, indicated by higher Cmic values. At T2, the 13C label had already been 
consumed by the soil microbes, resulting in no differences in the 13C excess of the soil. The 
increased 13C of the DOC in W2 compared to W1 at T1 contradicts the findings of (Kaloterakis et 
al., 2024a), who observed higher 13C of the DOC in the sandy loam of W1 compared to W2 at late 
flowering and linked this to the increased and sustained belowground allocation of photosynthates. 
Here, the higher 13C of the DOC in W2 might be the result of accelerated C turnover as a response 
to short-term nutrient availability. Increased root decay in W2 due to accumulation of soil 
pathogens, a common observation in monocropping systems, could be an alternative explanation 
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(Peralta et al., 2018). Over time, the 13C in the soil pool was utilized by soil microbes (used for 
growth and maintenance), resulting in no differences at T2. The significantly lower 15N excess of 
the soil in W2C compared to W1, W1C and W2 suggests that W2C plants took up the labelled N 
earlier in the season, or that N losses were higher in W2C compared to the other rotational 
positions. W1 and W1C had a higher soil 15N excess and had incorporated similar amounts of 15N 
into their biomass as W2C, favoring the possibility of earlier 15N uptake or increased N losses. 
WW is known to utilize the available N more efficiently when compost is applied (Keeling et al., 
2003), most likely due to the supply of other important plant-available nutrients.  

5.4.4 Compost addition mitigated yield decline of W2 by improving plant 
growth, nutrient and water uptake from the subsoil 

The initial soil legacy of W2 persisted through the late growth stages of WW and resulted in a 
large yield decline compared to W1. This is consistent with previous studies that reported a 
reduction in growth of successively grown WW (Arnhold et al., 2023b; Kaloterakis et al., 2024a). 
W2 exhibited reduced root growth as indicated by the reduction in RDW. This was not associated 
with distinct changes in RLD between W1 and W2. Arnhold et al. (2023a) did not observe 
differences in the RLD between W1 and W2 at tillering in a field experiment, but found higher 
RLD in W1 at late flowering in a year with high summer precipitation. In the current experiment, 
W1 allocated more freshly assimilated C to the roots than W2, which was followed by a more 
efficient utilization of the 15N-labeled fertilizer. Compost addition strongly affected the 13C content 
of the root in both the topsoil and subsoil of W1C and W2C. The enhanced root growth in W2C 
improved the N uptake, indicated by the significantly higher 15N excess of the roots at all three 
measured soil depths. 
 The plant biomass was closely related to the excess of all four isotopes applied and 
measured in the plant biomass, as indicated by the correlation analyses. The positive PSF in WW 
after oilseed rape was associated with a significantly higher 13C excess in W1 compared to W2. 
Even though compost addition increased the root biomass of W1C, it was not associated with any 
yield gain compared to W1. The addition of compost to W2C proved to be a very beneficial 
management practice that significantly mitigated the yield decline of W2. Compost is known to 
promote WW yield and reduce take-all severity at both lower and higher application rates than the 
40 t ha-1 used in this study (Tilston et al., 2005; Demelash et al., 2014). Compost addition boosted 
soil nutrients and promoted N mineralization and thus supply of fresh NH4

+ available for plant and 
microbial uptake. As hypothesized, this promoted root growth, nutrient uptake and plant 
performance, increasing the amount of 13C and 15N measured in plant biomass and especially in 
the grains. The increased N uptake in W2C compared to W2 was also reflected in the significant 
decrease in the plant C:N ratio for all plant parts except the husks, which is similar to the reported 
increased N uptake at tillering by W1 by Kaloterakis et al. (2024b). Thus, compost application 
increased the N use efficiency of the successively grown WW that could not use the large amount 
of mineral N from the fertilization. 
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 Compared to W2, W1 increased the relative amount of water uptake from the topsoil and 
subsoil, as indicated by the higher 2H and 18O excess, respectively. This is most likely related to 
the larger and better functioning root system of W1, resulting from the soil legacy of oilseed rape. 
Compost addition did not affect the relative contribution of the tospoil to plant water uptake but 
resulted in a significant increase of 2H excess in W2C. This observation is linked to the enhanced 
root growth and nutrient uptake by W2C, highlighting the multi-faceted beneficial properties of 
compost amendment which was hypothesized to compensate the growth reduction in the 
successive WW rotation. W2 had a relatively lower water uptake from the 18O-enriched depth 
compared to W1. Compost addition reduced the contribution of the subsoil to total plant water 
uptake, possibly by increasing the root growth and the WHC of the topsoil compared to the 
unamended soils, which was the case at least for W2C.  

5.5 Conclusions 
In this study, we compared two different compost-amended and unamended rotational positions 
of WW to assess the potential of compost to mitigate yield losses in successive WW rotations. The 
beneficial soil legacy of oilseed rape led to enhanced performance of the following WW compared 
to the soil legacy of WW. This effect was substantial and evident at the flowering and grain-
ripening stages. According to our hypotheses, compost application notably mitigated the initial 
disadvantage of W2 by promoting belowground allocation of freshly assimilated C, enzymatic 
activity, nutrient mineralization, root growth, N and water uptake by WW, thereby effectively 
compensating for the substantial yield loss of the successively grown WW. Our results provide 
empirical evidence and a mechanistic understanding on the beneficial role of compost amendment 
in mitigating yield decline in successively grown WW. We showed that green-waste compost is a 
promising management practice to increase yield in successive WW rotations. However, further 
experiments on the long-term effect of compost application on successive WW rotations are 
needed to assess the duration of the yield loss compensation. 
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6. Bacillus seed coating mitigates early 

growth reduction in successive winter 

wheat without altering rhizosphere 

bacterial and archaeal communities. 
 

Based on: 
Kaloterakis, N., Braun-Kiewnick, A., Rashtbari, M., Giongo, A., Doreen, B., Priscilla, Z., Razavi, 
B.S., Smalla, Reichel, R., Brüggemann, N. Bacillus seed coating mitigates early growth reduction 
in successive winter wheat without altering rhizosphere bacterial and archaeal communities. 
Manuscript under review in BMC Biology. 
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6.1 Introduction 
The potential of PGPR in enhancing plant growth is receiving a lot of attention, mainly due to their 
multifunctionality under different biotic and abiotic conditions (Nkebiwe et al., 2024). This is 
depicted by the very high annual growth rates of the biostimulants market, which was estimated 
to be 13.58% in 2022 and worth approximately USD 5.6 billion by the end of 2025 (Landeta and 
Marchant, 2022). The projected adverse climatic conditions in the coming decades, coupled with 
environmental concerns about the overuse of mineral fertilizers, present a unique opportunity to 
address decreasing yields by harnessing the potential of soil life for plant growth.  
 Whether dealing with salinity and water stress, nutrient deficiency, heavy metal 
contamination or biotic stress, several experiments have highlighted the positive effect of PGPR 
in alleviating plant stress (Groppa et al., 2012; Köberl et al., 2013; Vacheron et al., 2013; Goswami 
et al., 2016; Rosier et al., 2018; Kaloterakis et al., 2021). PGPR affect plant growth by modulating 
phytohormonal homeostasis and stress markers, thereby inducing systemic resistance responses or 
affecting the shape and size of the root system. Other important mechanisms include biological N 
fixation, phosphate, K and micronutrient solubilization following the release of organic acids by 
bacterial cells, as well as Fe chelation following siderophore production and phenol accumulation, 
mainly found in the genus Pseudomonas, and antibiotic production, mainly found in the genera 
Bacillus and Pseudomonas (Goswami et al., 2016; Rosier et al., 2018; Sharma et al., 2024). There 
is also evidence that certain PGPR, such as Bacillus spp. and Trichoderma spp., can alter the soil 
microbial community composition by increasing the relative abundance of microbes with 
antifungal properties (Xiong et al., 2017). 
 In the context of arable farming, the soil legacy following the growth of a certain plant 
species can affect the microbial community composition and the growth of the succeeding plant, 
which can result in a negative, neutral or positive PSF (van der Putten et al., 2013; de Vries et al., 
2023). Rhizodeposition is one of the most important factors shaping the rhizobiome, in addition to 
abiotic soil properties (Paterson et al., 2007; Nannipieri et al., 2023). The released carbohydrates 
from root exudates and plant litter can be expected to stimulate the activity of PGPR in the 
rhizosphere and, therefore, improve some of the aforementioned functions, enhancing plant health 
and performance (Ling et al., 2022). PGPR can improve soil quality through enhancing soil 
enzymatic activity, nutrient availability and the yield of WW (Mäder et al., 2011). However, it is 
crucial to assess the root microhabitat, i.e., BS, RA, RH and RP, as well as the associated soil 
depth, since both factors strongly influence the microbial community assemblage strategies and 
rhizosphere functions (Jones et al., 2019; S. Liu et al., 2022; Giongo et al., 2024). 
 Applying the PSF theory to crop rotations, the beneficial effect of oilseed rape as a 
preceding crop to WW has been previously established (Weiser et al., 2017; Hegewald et al., 2018; 
Hansen et al., 2019; Arnhold et al., 2023a; Kaloterakis et al., 2024b). Up to 40% of the global WW 
cultivation is grown successively, and this succession affects the rhizobiome and leads to a 
significant yield decline due to the high occurrence of soil-borne fungal pathogens (Kwak and 
Weller, 2013; Angus et al., 2015; Palma-Guerrero et al., 2021; Yin et al., 2022; Giongo et al., 
2024). It is, therefore, important to explore beneficial preceding crops to WW while evaluating the 
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potential of bio-effectors, such as PGPR, to restore the productivity of successively grown WW. 
Capitalizing on this knowledge, we can assume that the addition of a PGPR will act as a bio-
effector and promote plant health and productivity in conditions of microbial dysbiosis in the 
rhizosphere of successive WW rotations (Nkebiwe et al., 2024). Recently, successive wheat 
rotations have been found to enrich the rhizosphere with plant-beneficial bacteria with fungal 
antagonistic activity, while early application of PGPR is a promising strategy to control the soil-
borne pathogen Gt (Braun-Kiewnick et al., 2024). 
 One of the most common drawbacks of using single-strain PGPR is the weak extrapolation 
of the beneficial trends observed in lab or pot experiments to trends that persist under field 
conditions (Pineda et al., 2020). Therefore, it is crucial for the experimental conditions of pot 
experiments, which are the intermediate step between in vitro and field experiments, to resemble 
field climatic conditions. The objective of our study was to assess the effect of Bacillus pumilus 
on the productivity of successive and non-successive WW rotations. We hypothesized that B. 
pumilus inoculation would alleviate the negative PSF of successively grown WW. 

6.2 Materials and Methods 
6.2.1 Experimental design 
An outdoor rhizotron experiment was set up from June 6 to July 31, 2023 on the campus of 
Forschungszentrum Jülich, Germany, using newly designed rhizotrons with a height of 100 cm, a 
width of 35 cm and an inner thickness of 2.5 cm (Reichel et al., 2022). The rhizotrons were 
optimized for active soil temperature regulation, by circulating cool water through the upper 
polyvinyl chloride plates of the rhizotrons. The water temperature was set to 5 °C and controlled 
with a cooling unit. The rhizotrons were connected to the cooling unit with polyurethane tubing 
coated with a rubber insulating hose. In order to create a realistic soil temperature gradient along 
the rhizotron, the water was first directed into the bottom part of the rhizobox, then flowing 
upwards to the rhizotron/soil surface. Preliminary trials showed that the temperature changes, 
during the upward movement of the cooling water through the rhizobox material created a realistic 
temperature gradient in the soil profile. Passive insulation was provided by fixing a 4 cm 
insulation, consisting of a 1 cm thick rubber and a 3 cm thick styrofoam™ layer, on both plates of 
the rhizotrons (Fig. E.1). One rhizotron was dedicated to measuring soil temperature at three soil 
depths i.e., 10 cm, 40 cm and 80 cm throughout the experiment. Ambient weather conditions and 
the soil temperature gradient along the soil profile of the rhizotron are shown in Fig. E.2. 
 We contrasted W1 and W2 and soil was collected from the experimental farm 
Hohenschulen, Faculty of Agricultural and Nutritional Sciences, Christian-Albrechts-University 
of Kiel, 54°19′05″N, 9°58′38″E, Germany. The crop rotation trial was established in 1989. It 
included the following factors: a) rotational position (oilseed rape, first wheat after oilseed rape, 
third wheat grown continuously), b) WW varieties (4 levels), and c) N fertilization levels (4 levels). 
Composite soil samples for rhizobox experiments were taken from the topsoil (0-30 cm) and 
subsoil (30-50 cm) of field plots after oilseed rape and after one season of WW cultivation (n = 4 
replications) with the WW cultivar “Nordkap” (SAATEN-UNION GmbH, Isernhagen, Germany) 
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and optimal N-fertilization (240 kg N ha-1). After the harvest of the different preceding crops, the 
plant residues remained on the field. The residues of the preceding crops were not removed from 
the soil before sampling, and the field was ploughed after the sampling. The soil was a carbonate-
free Cambic Luvisol of sandy loam texture (44 % sand, 35 % silt, and 21 % clay; Sieling et al., 
2005). The soil properties of the specific plots where the soil was sampled were previously 
described in Kaloterakis et al. (2024). 
 Soil was sieved to 2 mm and repacked in the rhizotrons to reach a bulk density of 1.33 g 
cm-3 and 1.45 g cm-3 for 0-30 cm and 30-100 cm, respectively. Deionized water was added to 
adjust the soil moisture to 70 % water-holding capacity (215 g H2O soil kg-1) at the onset of the 
experiment. Thereafter, the plants were kept rain-fed throughout the experiment. All rhizotrons 
were kept inclined at 45° to facilitate root growth along the lower side of the rhizotrons. WW seeds 
(cultivar “Nordkap”) were inoculated with either B. pumilus 45_39 (DSM117807, DSMZ, 
Braunschweig, Germany) or buffer solution (control) as described in (Braun-Kiewnick et al., 
2024). Briefly, seeds were pre-germinated at room temperature for two days in the dark and then 
immersed in cell suspensions of B. pumilus vegetative cells from fresh overnight cultures. Bacterial 
cultures were grown in 50 mL R2A broth containing 100 µg mL-1 rifampicin in 300 mL 
Erlenmeyer flasks at 150 rpm and harvested by centrifugation (5000 g, 15 min at room 
temperature) using 50 mL conical tubes and washing three times in 10 mM MgCl2 buffer. The cell 
pellet was resuspended in 5 mL 10 mM MgCl2, and 5 mL of 2 % (v/v) sterile methyl cellulose was 
added as a coating agent. Approximately 25 pre-germinated seeds were submerged and soaked in 
the 10 mL cell suspension for one hour. The tubes were gently shaken throughout soaking to ensure 
even contact between each seed and the cell suspension. CFU counts conducted directly after seed 
treatment resulted in approximately log 9 CFU mL-1 per seed. Three WW seeds were sown in each 
rhizotron and thinned to one seedling per rhizotron three DAS. The plants were not fertilized for 
the duration of the experiment. The plants were harvested at the end of tillering stage BBCH 29. 

6.2.2 Above and belowground plant growth analyses 
The aerial plant parts were split at harvest into pseudostems (hereafter called stems) and leaves. 
The lower sides of the rhizotrons were then removed and the soil profile was divided into three 
layers (0-30 cm, 30-60 cm and 60-100 cm). Soil samples for biochemical analyses were taken from 
the RA and RH soil compartment, while soil samples for DNA extraction were taken additionally 
from the RP soil compartment. First, we sampled RA soil from ≥ 15 mm away from the root 
surface, using microspatulas. The visible roots were removed from the soil and gently shaken to 
retrieve the RH soil. We pooled and mixed subsamples to form a composite sample and then split 
it into several parts to ensure that enough soil was collected for every planned analysis. These roots 
together with the RH soil for the microbiome analysis were subsequently stored at 4 °C overnight 
until DNA extraction. The remaining roots were washed and stored in 30 % ethanol. They were 
scanned at 600 dpi (Epson Perfection V800 Photo, Epson, Japan) and analyzed with WinRhizo® 
software (Regent Instruments Inc., Quebec, Canada). The roots were split into six diameter classes, 
i.e., ≤ 0.1 mm, 0.1-0.2 mm, 0.2-0.3 mm, 0.3-0.4 mm, 0.4-0.5 mm, ≥ 0.5 mm. All plant materials 
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were oven-dried at 60 °C to constant weight (maximum three days) to record their DW. Ball-milled 
(MM 400, Retsch, Germany) above- and belowground plant samples, as well as soil samples, were 
weighed into tin capsules (HEKAtech, Wegberg, Germany) for determination of C and N content 
using an elemental analyzer coupled to an isotope-ratio mass spectrometer (EA-IRMS, Flash EA 
2000, coupled to Delta V Plus; Thermo Fisher Scientific Inc., Waltham, MA, USA). Microwave 
digestions of ball-milled plant material in closed vessels were performed and measured for P, K 
and Fe content by inductively coupled plasma optical emission spectroscopy (ICP-OES; iCAP 
7600; Thermo Fisher Scientific Inc., Waltham, MA, USA (adjusted from Hansen et al. (2019). 

6.2.3 Soil samples processing 
At harvest, soil samples were stored at -25 °C before analysis of mineral N, DOC, and TN. For the 
analysis, they were thawed and extracted using 0.01 M CaCl2 (soil-to-solution ratio of 1:4 w/v), 
vortexed, shaken horizontally for 2 h at 200 rpm, centrifuged for 15 min at 690 × g, and filtered 
through 0.45 µm PP-membrane filters (Ø 25 mm; DISSOLUTION ACCESSORIES, ProSense 
B.V., Munich, Germany). Soil solution was stored overnight at 4 °C before DOC and TN analysis. 
NH4

+ was measured by continuous-flow analysis (Flowsys, Alliance Instruments GmbH, 
Freilassing, Germany). NO3

- and SO4
2- were measured by ion chromatography (Metrohm 850 

Professional IC Anion – MCS, Metrohm AG, Herisau, Switzerland). Mg was measured by ICP-
OES (iCAP 6500; Thermo Fisher Scientific Inc., Waltham, MA, USA). The pH was measured in 
the same solution using a glass pH electrode (SenTix® 940, WTW, Xylem Analytics, Weilheim, 
Germany). DOC and TN were quantified with a TOC analyzer (TOC-V + ASI-V + TNM, 
Shimadzu, Japan). Soil enzymatic analysis as well as zymography were performed as in 
Kaloterakis et al. (2024). 

6.2.4 Statistical analysis 
The rotational position of WW (W1 and W2), PGPR inoculation status (‘+’ and ‘-‘), soil 
compartment (RA and RH), soil depth (0-30 cm, 30-60 cm and 60-100 cm) and plant part (root, 
stem, leaf) were considered fixed factors in the statistical analysis. We conducted PERMANOVA 
with 10000 permutations using the ‘vegan’ package (Oksanen et al., 2022) in R (v4.2.1. R Core 
Team, 2022) to account for normality violations and unequal variances of the data. Follow-up t-
tests were made using the ‘RVAideMemoire’ package in R (Hervé, 2023) using the significant 
threshold α = 0.05. We conducted a principal component analysis (PCA), using the prcomp() 
function in R, on standardized variables related to plant biomass, root growth, soil nutrients and 
soil enzymatic activity for the rotational position with and without B. pumilus inoculation. All 
figures were created using the ‘ggplot2’ package (Wickham, 2016). 
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6.3 Results 
6.3.1 The effect of Bacillus pumilus inoculation on WW shoot and root 

growth 

 
Figure 6.1 Dry weight (a), P content (b), K content (c) and Fe content (d) of roots, stems, leaves, 
husks and grains of winter wheat at the end of tillering (BBCH 29). First wheat after oilseed rape 
without (W1-) and with (W1+) Bacillus pumilus, and second wheat after oilseed rape without (W2-
) and with (W2+) Bacillus pumilus. Different uppercase letters indicate significant differences 
between the rotational positions over all plant parts. Within each plant part, different lowercase 
letters indicate significant differences between the rotational positions at p ≤ 0.05 level according 
to PERMANOVA. Absence of letters indicate non-significant differences. 
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Rotational position had a strong influence in biomass accumulation at the end of tillering (BBCH 
29; Table E.1). There was a 50.1% plant biomass growth increase in W1- compared to W2- for 
leaf and RDW (Fig. 6.1a). B. pumilus inoculation in W1+ did not further increase plant biomass 
compared to W1-, but W2+ had a 41.0% increase in dry weight compared to W2-. Plant tissue 
analysis showed that the leaves had a significantly higher P, K and Fe content (Table E.1). There 
were no differences in P and Fe content between the rotational positions (Fig. 6.1b, d) while the 
leaves of W2+ had a 40.1% higher K% (Fig. 6.1c). 
 Root growth followed a similar pattern as plant DW, with W2- having significantly less 
root biomass compared to W1-, while B. pumilus inoculation compensated for this effect (Table 
E.2, Fig. 6.2a). W2- plants had on average 48.7%, 49.4% and 43.9% lower RLD compared to W1-
, W1+ and W2+, respectively, which was evident across all three soil depths (Fig. 6.2b). SRL was 
also significantly affected by the rotational position of WW (Table E.2), with successively grown 
W2- having higher SRL than W1-, W1+ and W2+ in the 30-60 cm and 60-100 cm (Fig. 6.2c). 
Across all depths, W2- plants produced the thinnest roots with an average diameter of 0.259 mm, 
compared to 0.297 mm, 0.304 mm and 0.290 mm for W1-, W1+ and W2+, respectively (Fig. 6.2d). 
Successive WW inoculated with B. pumilus had thinner roots in the topsoil and thicker roots at 
both subsoil depths compared to non-inoculated successive WW. This was also evident from the 
higher proportion of thicker roots of W2+ compared to W2- belonging to the larger root diameter 
classes (Table E.3, Fig. E.3).  
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Figure 6.2 Root dry weight (a), root length density (b), specific root length (c) and average root 
diameter (d) of roots, root dry weight (c) and root length density (d) of two rotational positions of 
winter wheat at the end of tillering (BBCH 29) at soil depths 0-30 cm, 30-60 cm and 60-100 cm. 
First wheat after oilseed rape without (W1-) and with (W1+) Bacillus pumilus, and second wheat 
after oilseed rape without (W2-) and with (W2+) Bacillus pumilus. Different uppercase letters 
indicate significant differences between the rotational positions over all soil depths. Within each 
soil depth, different lowercase letters indicate significant differences between the rotational 
positions at p ≤ 0.05 level according to PERMANOVA. Absence of letters indicate non-significant 
differences. 
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6.3.2 The effect of Bacillus pumilus inoculation on soil nutrient dynamics 

 
Figure 6.3 Effect of the rotational positions on soil NH4

+-N (a) and soil NO3
--N (b) of the 

following winter wheat at the end of tillering (BBCH 29) at soil depths 0-30 cm, 30-60 cm and 60-
100 cm and in two soil compartments: root-affected soil (RA) and rhizosphere soil (RH). First 
wheat after oilseed rape without (W1-) and with (W1+) Bacillus pumilus, and second wheat after 
oilseed rape without (W2-) and with (W2+) Bacillus pumilus. Different uppercase letters indicate 
significant differences between the rotational positions over all soil depths. Within each soil depth, 
different lowercase letters indicate significant differences between the rotational positions at 
p ≤ 0.05 level according to PERMANOVA. Absence of letters indicate non-significant 
differences. 
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Rotational position and B. pumilus inoculation had a marked impact on soil mineral N and DOC 
content (Table E.4). We measured higher soil NH4

+-N in inoculated and non-inoculated W2 plants 
compared to W1 (Fig. 6.3a). There was significantly less soil NO3

--N in the inoculated W1+ and 
W2+ than in their non-inoculated counterparts, which was especially evident for subsoil NO3

--N. 
A higher soil content of NH4

+-N was measured in the topsoil of W1- and W2- compared to NO3
--

N that was higher in the 60-100 cm soil layer in the same two treatments (Table E.4; Fig. 6.3). The 
soil compartment was a strong determinant of soil mineral N content, with a higher NO3

--N and 
NH4

+-N content measured in the RH than in the RA soil (Table E.4; Fig. 6.3). The same was the 
case for DOC (Table E.4; Fig. E.4). In addition, DOC was higher in the soil of W2 compared to 
W1, which was irrespective of the inoculation status (Table E.4). There was also an insignificant 
trend of higher DOC in the RH of W2+ compared to W2- especially in the 30-60 cm and 60-100 
cm subsoil layers (Fig. E.4).  

6.3.3 The effect of Bacillus pumilus inoculation on soil enzymatic activity 
With respect to soil enzymatic activity, both rotational position and B. pumilus inoculation affected 
the kinetic parameters of BGU and LAP (Table E.5). Most of the differences in the BGU activity 
in the RA soil were found between W2- and W2+, with the latter having a lower BGU Vmax in the 
60-100 cm soil layer (Fig. 6.4a). In the more active soil compartment of the RH, there was also a 
lower BGU Vmax in W2+ compared to W2-. The opposite was obvious for LAP Vmax in both RA 
and RH soil (Fig. 6.4b). We observed a 71.8% and 31.5% increase in LAP Vmax in the RA and RH 
soil, respectively, of W2+ compared to W2-. The RH soil had a higher enzymatic activity than RA 
soil, with higher BGU and LAP reaction rates (Table E.5). The RH extent for BGU was 
significantly higher across the soil profile in W1- than in W1+, W2- and W2+, while no significant 
trend was obvious for LAP (Fig. E.5). BGU Km values were significantly affected by the rotational 
position and inoculation with B. pumilus, which was not the case for LAP Km (Table E.5). In the 
RA soil, the substrate affinity for BGU was significantly increased following B. pumilus 
inoculation, with higher values for both W1+ and W2+ compared to their non-inoculated 
counterparts, while this was not the case for the RH soil (Table E.5).  
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Figure 6.4 Effect of the rotational positions on maximum reaction rate of β-glucosidase (BGU; a) 
and leucine aminopeptidase (LAP; b) of the following winter wheat at the end of tillering (BBCH 
29) at soil depths 0-30 cm, 30-60 cm and 60-100 cm and in two soil compartments: root-affected 
soil (RA) and rhizosphere soil (RH). First wheat after oilseed rape without (W1-) and with (W1+) 
Bacillus pumilus, and second wheat after oilseed rape without (W2-) and with (W2+) Bacillus 
pumilus. Different uppercase letters indicate significant differences between the rotational 
positions over all soil depths. Within each soil depth, different lowercase letters indicate significant 
differences between the rotational positions at p ≤ 0.05 level according to PERMANOVA. 
Absence of letters indicate non-significant differences. 
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 The two principal components explained 54.52 % of the total data set variance. PC3 and 
PC4 explained 11.68% and 10.35% of the variance, respectively. Plant biomass was positively 
associated with RLD (r = 0.75, p = 0.0008) and Rdia (r = 0.77, p = 0.0005), while it was negatively 
associated with soil NH4

+-N (r = -0.56, p = 0.0234) and NO3
--N (r = -0.56, p = 0.0242) and SRL 

(r = -0.74, p = 0.0009). There were significant differences in the variables associated with PC1 and 
PC2 between the rotational positions W1 and W2, while B. pumilus inoculation in W2+ resulted 
in distinct group clustering (Fig. 6.5). Plant biomass, RLD, and plant K content were strongly 
associated with W1- and W1+, while SRL, soil BGU Vmax, NH4

+-N and NO3
--N were closely 

linked to the response of W2-. W2+ was more strongly aligned with LAP Vmax and LAP RH extent 
(Fig. 6.5). 

 
Figure 6.5 Redundancy analysis of the relationship between winter wheat biomass, nutrient 
uptake, root growth, soil chemical and enzymatic factors in two rotational positions of winter 
wheat at end of tillering (BBCH 29). First wheat after oilseed rape without (W1-) and with (W1+) 
Bacillus pumilus and second wheat after oilseed rape without (W2-) and with (W2+) Bacillus 
pumilus. BGU: β-glucosidase, LAP: leucine aminopeptidase, Vmax: maximum enzymatic velocity, 
P: plant phosphorus, K: plant potassium, Fe: plant iron, RLD: root length density, SRL: specific 
root length, DOC: dissolved organic carbon. 
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6.4 Discussion 
The addition of beneficial microbial inoculants is a sustainable agricultural practice due to their 
multiple functionalities that can address the major challenges of modern and future agriculture 
(Lugtenberg and Kamilova, 2009; Backer et al., 2018; Chieb and Gachomo, 2023). However, the 
research on PGPR and plant growth promotion is still in its primacy given the plethora of potential 
microbial candidates capable of plant growth promotion that have not been explored. Our study 
allowed the assessment of the complex interactions between the rotational position of WW, B. 
pumilus inoculation and their interaction in driving soil mineral N, release of labile C, root 
adaptations and their implications for plant performance and biomass accumulation.  

6.4.1 Bacillus pumilus inoculation stimulates root growth and biomass 
accumulation in successive WW rotations 

Successively grown WW benefited from PGPR inoculation and outgrew its non-inoculated 
counterpart. Changes in root morphology are crucial in understanding the biomass differences of 
the rotational positions. Root plasticity is a major response determining the overall fitness and 
productivity of plants (Schneider and Lynch, 2020). The observed 50.1% increase in biomass in 
W1- compared to W2- was largely driven by root plastic responses and soil nutrient uptake. In a 
recent meta-analysis, it was shown that Rdia is negatively correlated with SRL and positively 
associated with median root lifespan, which indicates that roots with a higher Rdia invest heavily 
in belowground C allocation per unit root length to achieve sufficient nutrient and water uptake 
(Hou et al., 2024). It has been shown that when WW is grown after oilseed rape, there is a higher 
and sustained belowground allocation of freshly assimilated C that is closely matched by root 
adaptations (Kaloterakis et al., 2024a). This sustained higher C allocation in non-successive WW 
rotations could be either a direct result of increased root biomass, but it could also be partly due to 
enhanced root exudation and root lifespan (Hou et al., 2024; Kaloterakis et al., 2024b). Even 
though we did not quantify the abundance of the soil-borne fungus Gt, enhanced root senescence 
due to root rot caused by Gt could be a prominent mechanism leading to yield decline in successive 
WW rotations (Arnhold et al., 2023a).  
 In our study, there was clear link between root growth traits and biomass accumulation, 
with RLD and plant biomass being negatively associated with SRL and NO3

--N. Plants tend to 
increase their SRL in response to abiotic stresses and N limitation (Kaloterakis et al., 2021; 
Scheifes et al., 2024). In our experiment, SRL was negatively correlated with RLD, Rdia and plant 
biomass, revealing that root adaptations play a pivotal role in enhancing plant growth in plant 
successions. During the early growth stages of WW, Kaloterakis et al., (2024b) have shown that 
microbial immobilization of available mineral N is an important mechanism that causes lower N 
uptake by successively grown WW which is translated into a reduced biomass. It is this transient 
N limitation that the plants try to overcome by increasing their root absorptive surface and 
therefore soil exploration (Lynch, 2013). However, in the case of successive WW rotations, these 
root adaptations came with a significant C cost that did not compensate the biomass reduction. 
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Perhaps, it is more than merely the C cost that caused the observed effects: differences in the 
microbial community have been shown to strongly modulate the outcome of WW self-succession, 
with a potential microbial dysbiosis in the RH of the successive WW rotations (Kaloterakis et al., 
2024b). 
 Earlier work on characterizing the B. pumilus strain used in this study showed the positive 
effect of B. pumilus inoculation on the shoot and especially root biomass of WW, which was 
independent of the presence of Gt in the soil (Braun-Kiewnick et al., 2024). This means that B. 
pumilus directly promoted plant growth, in addition to indirect ways, i.e., its effect on the microbial 
community composition and soil pathogen antagonism. The addition of B. pumilus to W2+ 
improved the root growth of successively grown WW, increased the proportion of larger root 
diameter classes and reduced the SRL. W1+ plants responded similarly to W1- and W2+ plants, 
with no further improvement of plant performance in the non-successive WW rotation. There is a 
plethora of studies reporting a beneficial effect of B. pumilus on root growth promotion of several 
crops (Win et al., 2018; Ngo et al., 2019; Liu et al., 2020; Braun-Kiewnick et al., 2024). Previous 
studies have also reported an upregulation of phytohormones by B. pumilus and especially 
gibberellins and auxins, which can directly promote root growth and, as a result, plant biomass 
accumulation (Gutiérrez‐Mañero et al., 2001; Dobrzyński et al., 2022). That could be a possible 
link to the enhanced root growth of W2+ compared to W2-. 

6.4.2 Bacillus pumilus inoculation stimulates soil enzymatic activity and 
nutrient uptake in successive WW rotations 

Braun-Kiewnick et al. (2024) also showed that B. pumilus possesses a high production capacity of 
extracellular hydrolytic enzymes and siderophores and is capable of increasing the production of 
proteases, glucanases and cellulases in the soil. There are also reports of enhanced phosphatase 
and urease activity following B. pumilus in salt-tolerant rice (Kumar et al., 2021). In our study, we 
measured the activity and other kinetic parameters of the two very important enzymes BGU (C-
cycling) and LAP (N-cycling). Using the novel technique of zymography for quantification and 
visualization of enzyme activity, we were also able to localize enzymatic hotspots and rhizosphere 
extent for both BGU and LAP in the RH of the WW plants (Razavi et al., 2019). Kaloterakis et al., 
(2024b) found an increased BGU and LAP activity in WW grown after oilseed rape compared to 
successive WW rotations, which was not the case in this experiment, where there were no 
significant differences between W1- and W2-. Nevertheless, we did measure a higher RH extent 
for BGU in W1- than W2- using zymography, but addition of B. pumilus in W2+ did not reverse 
this trend in the successive W2- rotation. However, B. pumilus inoculation significantly increased 
LAP activity in W2+ across all soil depths and soil compartments, and this was also reflected in 
the closer association of the W2+ plants with LAP activity in the PCA.  
 In addition to the overall effect on plant biomass, B. pumilus also improved plant K content 
in the successive wheat rotation. Increased plant Fe content was also observed, although not 
significant, while the plant P content was similar in W2+ and W2- plants. The PCA also revealed 
that B. pumilus inoculation improved plant K uptake, which was associated with higher above- 
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and belowground biomass. In our study, the addition of B. pumilus to both WW after oilseed rape 
and successively grown WW led to a significant decrease in soil NO3

- compared to their non-
inoculated counterparts. This observation suggests three potential mechanisms. B. pumilus could 
have induced important changes in the microbial community composition of the two rotational 
positions of WW (such as reduced abundance of ammonia-oxidizing bacteria), leading to 
inhibition of nitrification (Bozal-Leorri et al., 2022). In addition, it has been suggested that the 
exudation of certain compounds into the rhizosphere of cereals, termed biological nitrification 
inhibitors, can suppress the activity of nitrifiers, increasing soil NH4

+-N and potentially plant N 
uptake (Subbarao et al., 2021; Bozal-Leorri et al., 2022; Kuppe and Postma, 2024). However, we 
did not observe an increase in soil NH4

+ in the inoculated plants of both rotational positions. We 
measured an increase in soil NH4

+ in the successive WW irrespective of inoculation status, which 
could be related to the quality and composition of the residues of the preceding crops. It has been 
shown that the residues of oilseed rape are quickly mineralized in the soil due to its high litter 
quality, which is evident in our experiment from the larger RH extent of BGU release (Trinsoutrot 
et al., 2000). Another and potentially most realistic mechanism may be that the soil NO3

- was 
quickly depleted due to root growth promotion by B. pumilus that resulted in enhanced mineral N 
uptake by the plants, which is important for N uptake in both the top and subsoil (Thorup-
Kristensen, 2001). All three mechanisms may co-exist and exert some influence on the 
performance of WW. From an environmental perspective, the significant reduction in soil NO3

- 
after inoculation with B. pumilus could limit NO3

- leaching and pollution of groundwater, giving 
additional value to the application of B. pumilus in WW rotations. Further analyses on the potential 
of B. pumilus to shape the microbial community will shed light on the complex interactions 
between PGPR and WW.  

6.5 Conclusions 
In this study, we tested the hypothesis of whether the inoculation of WW with B. pumilus can 
compensate for the reduced performance of successively grown WW. Our hypothesis was 
confirmed and the biomass growth reduction in the successive WW rotation was significantly 
alleviated by B. pumilus. The PGPR-inoculated successive WW showed a high LAP activity, root 
growth and K uptake that was translated into higher biomass. We demonstrated that PGPR 
application is a sustainable practice that can improve WW productivity during early growth. Our 
results advance our understanding of the potential of PGPR to modulate the plant-soil interactions 
in successive WW rotations and compensate for the negative PSF that is prevalent in such 
rotations.  
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7. Synopsis 
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7.1 Summary 
Continuous cultivation of WW is associated with significant yield losses, a phenomenon widely 
observed but not yet fully understood. The lower yield is usually attributed to the high soil 
pathogen load in the soil of successive WW rotations and especially to the soil fungus Gt. 
However, this observation can also be made in years without obvious Gt symptoms, suggesting an 
important role for the soil microbiome and other soil factors in driving plant-soil interactions 
leading to this yield decline. Understanding the mechanisms that underlie this phenomenon is 
therefore crucial if we want to address the yield stagnation of WW. 
 The first approach (Chapter 2) was to investigate how contrasting rotational positions of 
WW affect soil nutrient dynamics, microbial assemblages, soil enzymatic activity and finally WW 
growth. An outdoor experiment was set up using sandy loam arable soil. W1, W2 and W4 were 
grown in rhizotrons. We applied zymography and harvested the plants at the onset of the stem 
elongation growth stage to observe changes in the activity of BGU and LAP as well as GLU 
imaging to observe GLU release patterns in the rhizosphere of WW. Several biochemical and 
microbial properties of the BS and the rhizosphere of the rotational positions were measured. W2 
and W4 exhibited reduced growth compared to W1. Root growth traits exhibited a strong plastic 
response, with higher RLD, root mean diameter and lower SRL for W1 compared to W2 and W4. 
W1 soil had lower mineral N concentration and Cmic than W2 and W4, which translated to higher 
C:N ratio. Greater rhizosphere extent of BGU and LAP across the soil profile of W1 than W2 and 
W4 was evident from the zymography. Lower DOC and hotspot areas of GLU in the rhizosphere 
of successive WW possibly led to dysbiosis between plants and soil microbes. W4 had higher 
microbial species richness than W1, while soil depth and rotational position explained most of the 
variance in the soil microbial communities. Actinobacteriota, Proteobacteria, Chloroflexi, 
Gemmatimonadota and Crenarchaeota were the most abundant phyla with marked differences 
between the rotational positions at different soil depths. This study highlighted the effect of WW 
rotational positions on soil and plant properties as well as microbial community dynamics, and 
provided evidence for the pathways driving biomass decline in successively grown WW. 
 In Chapter 3, we aimed to assess the effect of the rotational positions on soil bacterial and 
archaeal communities, as well as N cycling, as potential drivers of WW yield decline in 
successively grown WW. W1 was compared with W2 in a rhizotron study using agricultural soil 
with a sandy loam texture. Samples were collected at tillering and grain ripening. At tillering, we 
found a higher NO3

- content in W1 soil, especially in the 60-100 cm subsoil layer, associated with 
the N-rich residues of the preceding oilseed rape crop, while this trend was reversed at grain 
ripening. Analysis of enzyme kinetics revealed an increase in LAP activity in W1 and an increase 
in BGU activity in W2 at tillering, possibly related to the residue quality of the preceding crop. No 
differences in bacterial and archaeal alpha diversity were observed at both sampling times, but 
beta diversity showed a significant role of both rotational position and soil depth in shaping the 
microbial community. The gene copy numbers of amoA genes of AOB, nifH and nirS were 
significantly higher in W2 compared to W1 at tillering, suggesting a strong effect of rotational 
position on N cycling of the following WW. The abundances of amoA of AOB and nirS were also 
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higher in W2 at grain ripening. In this experiment, we showed that there is a persistent soil legacy 
effect of the preceding crop on both nutrient cycling and bacterial and archaeal community 
composition, contributing to yield reduction in successively grown WW.  
 In Chapter 4, we aimed to investigate how the rotational positions of WW affect the 
allocation of freshly assimilated C, an energy source for soil microbes, above- and belowground. 
A 13CO2 pulse labeling rhizotron experiment was conducted in the greenhouse to study freshly 
fixed C allocation patterns in W1, W2 and W4. We used an automatic manifold system to measure 
excess 13C of soil respiration at six depths and different growth stages of WW. 13C excess was also 
measured in the DOC, microbial and plant biomass pools. There was a strong yield decline in 
successive WW rotations accompanied by distinct changes in root growth. Higher 13C excess of 
soil respiration was measured in W1 compared to W4, especially in the topsoil during later growth 
stages. Higher 13C excess of the DOC and the Cmic was also traced in W1 and W4 compared to 
W2. Less 13C was taken up by successive WW rotations. This study revealed a mechanism through 
which the rotational position of WW affects the allocation of freshly assimilated C above- and 
belowground. WW after oilseed rape sustains belowground allocation of freshly assimilated C for 
a longer time than successively grown WW and incorporates more of this C to its biomass.  
 In Chapter 5, we aimed to address the yield decline phenomenon by adopting a sustainable 
farming practice. Using a quadruple isotope labeling study (13C, 15N, 2H and 18O), we investigated 
the effects of the rotational position and green-waste compost application on productivity of WW, 
grown either after oilseed rape or in self-succession, during the flowering and grain ripening stage. 
The initial high soil nutrient content after oilseed rape created a long-lasting soil legacy that gave 
an advantage to W1 with higher soil NO3

-, NH4
+, DOC, and Cmic than in W2. Compost significantly 

compensated for the disadvantage of W2, and by the grain ripening stage, these effects were 
reflected in enhanced root growth and nutrient uptake in the compost-amended W2. Above- and 
belowground allocation of freshly assimilated C and 15N from the 15N-labelled fertilizer were also 
higher in the compost-amended W2 compared to the unamended W2. Compost also increased the 
contribution of the topsoil and decreased the contribution of the subsoil to total plant water uptake, 
which resulted in enhanced plant growth and yield gains in the compost-amended W2. Our 
findings highlight the capacity of compost to buffer negative PSFs in monotonous crop rotations, 
while simultaneously improving plant growth and yield. 
 In Chapter 6, we assessed the potential of plant growth-promoting B. pumilus on the early 
growth of successively grown WW. We conducted an outdoor experiment using newly designed 
temperature-regulated rhizotrons. W1 and W2 were either non-inoculated or inoculated with B. 
pumilus at seed germination. The plants were grown until the end of tillering. We measured several 
plant and soil biochemical parameters and performed zymography to localize the enzymatic 
hotspots of BGU and LAP in the rhizosphere of the plants. B. pumilus significantly compensated 
for the early growth reduction of W2, and this effect was largely linked to changes in root plasticity 
with a higher RLD and a smaller SRL in inoculated W2 compared to non-inoculated W2. 
Inoculated W2 had a higher enzymatic LAP activity than non-inoculated W2, followed by a 
reduction in soil NO3

-, most probably due to an enhanced nutrient uptake capacity. This was also 
reflected in an increased K content of the inoculated W2 compared to its non-inoculated 
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counterpart. Our study showed that B. pumilus can mitigate the negative PSF in successive WW 
rotations and provides strong evidence for the beneficial effect of PGPR application in promoting 
WW productivity in such rotations. 

7.2 Synthesis 
“Soil sickness” has been a well-documented phenomenon since the beginning of agriculture, which 
has led to the implementation of crop rotation. While this term effectively encompasses the idea 
of soil health, using the term PSF broadens the scope of soil sickness to include plant health and 
productivity. To date, there is a plethora of studies researching PSF in a variety of plants and 
ecosystems with several potential drivers reported, namely maternal effects, plant litter-soil 
feedback, self-DNA, plant-plant competition, climate, herbivory, greenhouse gases, soil nutrients 
(De Long et al., 2023). The focus of this thesis falls within the temporal diversity of the rotation 
and its associated PSF. Plant functional traits, such as root morphology, litter quality and nutrient 
composition, influence soil properties and microbial communities and drive PSF in WW rotations.  
Even though the observation of the yield decline in successive WW rotations is common, a strong 
mechanistic understanding is lacking. By looking at this phenomenon through the PSF perspective, 
this thesis gained a significant insight into the main drivers of WW productivity in contrasting crop 
rotations.  
 I conducted a series of experiments using novel experimental systems to study rhizosphere 
processes in WW rotations on two contrasting soil types. I used newly designed rhizotrons (Reichel 
et al., 2022) in Chapters 2, 3 and 4 and further optimized them to improve the quality of the 
experimental conditions and observations as presented in Chapter 6. The use of rhizotrons aimed 
to facilitate easy access to the rhizosphere and the use of the novel enzymatic imaging techniques 
zymography and GLU imaging as described in Chapters 2 and 6. The rhizotrons in Chapter 3 were 
equipped with gas-permeable tubing and connected to a novel manifold system to trace freshly 
assimilated C from pulse-labelled 13CO2. This approach allowed for real-time quantification of 
freshly assimilated root-derived C along six soil depths and over several WW growth stages. In 
Chapter 5, I developed a new soil mesocosm system that was placed in an outdoor space, 
subjecting the plants to realistic ambient weather conditions and to realistic soil temperature 
regimes. The mesocosms allowed for minimally invasive soil sampling at various growth stages, 
and several rhizosphere processes were observed using a multiple isotopic approach. Strong 
multidisciplinary collaboration was at the core of this thesis, with significant advances made 
through the characterization of soil samples for biogeochemical, microbiological and enzymatic 
properties. The outcome of this collaboration highlighted the strong soil legacy of the preceding 
crops on WW growth and productivity. 
 In Chapter 2, we found that there is an early microbial immobilization of soil mineral N in 
successive WW rotations that is quickly locked up by the soil microbes and reflected by the higher 
Cmic values. This is obviously a residual effect of the preceding crop, with oilseed rape supplying 
higher amounts of mineral N to the following crop after harvest. This means that there is a lot of 
mineral N available for plant uptake during early growth, which translates into a higher plant 
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biomass during early growth as shown in Chapter 2. However, it is known that WW takes up low 
amounts of mineral N during the winter period, leaving a considerable pool of available N in the 
form of NO3

- that could potentially be leached (Reichel et al., 2018). Indeed, in Chapter 3 we 
recorded a much higher soil NO3

- content in the subsoil of non-successional WW, which might be 
leached under conditions of high precipitation and in soils with a high sand content. Therefore, 
adopting suitable agricultural management practices, such as compost application, is very 
important to address this environmental issue and be able to improve WW productivity at the same 
time. In Chapter 3, we found that the higher LAP activity in the non-successional WW rotation 
was associated with an enhanced mineralization of the pre-crop residues, resulting in a more 
efficient mineral N supply. At the same time, successive WW was faced with higher N losses due 
to the elevated nirS gene abundance that was also evident by the reduced soil NO3

- content at 
tillering. We also found that AOB outnumbered AOA as the main ammonia-oxidizers in our soil. 
AOB abundance is usually greater in fertilized agricultural soils due to their lower enzymatic 
affinity and copiotrophic lifestyle under these N-rich conditions, while the higher substrate affinity 
of AOA make them more abundant under conditions of lower N availability (Lehtovirta-Morley, 
2018). In the successional WW, the higher initial NH4

+ was accompanied by an increase in amoA 
from AOB and explained the decreasing and increasing trend for soil NH4

+ and NO3
- respectively 

through the growth season. The increase in nifH gene abundance suggests that diazotrophs increase 
under the soil N limiting conditions of successional WW resulting in distinct N cycling patterns in 
the contrasting WW rotations. This was further evidenced by the differences in the microbial 
community composition that we found in Chapters 2 and 3, where it is clear that the PSF in WW 
rotations is highly dependent on the shape of the microbial assemblage.  
 In Chapter 4, we further researched potential mechanism of PSF in WW rotations and 
found strong evidence of the reduction in belowground C allocation in successive WW rotations 
compared to WW grown after oilseed rape. The higher translocation of freshly assimilated C 
belowground was sustained at higher rates in non-successional WW, while the microbial 
communities of continuous WW showed a slower consumption of rhizodeposited C. We showed 
that the reduced allocation of belowground C allocation in successive WW rotations may be an 
adaptive strategy to promote plant defense over growth and to outcompete soil microbes for the 
lower mineral N sources. Above ground, changes in allocation patterns reflected differences in 
root growth and soil nutrient content, with increased allocation of freshly assimilated C in the 
biomass of non-successional WW. Rhizodeposition stimulates microbial activity and 
mineralization of available organic nutrient sources, a mechanism by which the plants invest C in 
return for nutrients and water. It has been proposed that under C source limitation in grasslands, 
plants preferentially allocate C belowground to sustain microbial activity and ensure their survival 
(Hartmann et al., 2020). We found that this survival mechanism most probably depends on the 
extent of this source limitation and is an efficient coping strategy until a certain threshold. In 
Chapter 4, we showed that this threshold is largely exceeded and both above- and belowground 
allocation is severely restricted. Under these substrate-limiting conditions, the reduced 
rhizodeposition was a resource-saving strategy for the plants and therefore, an unfavorable 
investment (Noë and Kiers, 2018). 
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 There is a great need to enhance SOC content in order to improve soil health and the 
resilience of farming systems to climate variability (Amelung et al., 2020), bearing in mind that 
there is an upper threshold, estimated at 1.4 % of SOC, to achieve high cereal yields. Several global 
change stressors, including but not limited to extreme weather events, aridity and human influence, 
have been shown to negatively affect SOC stocks globally (Sáez-Sandino et al., 2024). The 
adoption of sustainable practices like compost application is therefore among the potential 
agricultural adaptations which are both feasible to implement and promote SOC supply without 
compromising yield, as shown in Chapter 5. It is important to consider that the aim of boosting 
positive PSF and/or reducing negative PSF in successive WW rotations must balance the need for 
sufficient yield and food provision on the one hand, and soil multifunctionality on the other, 
concepts that do not necessarily converge (Garland et al., 2021). Rather than focusing solely on C 
sequestration, the adoption of “soil-smart” agricultural practices to sustain crop yields, such as 
fostering positive PSF in successive WW rotations, might go hand-in-hand with promoting SOC 
stocks (Moinet et al., 2023). In Chapter 5, the compost application successfully compensated for 
the yield decline in the successive WW rotation. There was a 25 % yield reduction in the successive 
WW rotation, which was fully mitigated by compost application. Successively grown WW 
benefited from the increased supply of organic and inorganic N and DOC that were rapidly utilized 
by the soil microbes and incorporated into microbial biomass. As a result, soil and especially BGU 
enzymatic activity was increased. This was also associated with the higher shoot and root 
allocation of freshly assimilated C, ultimately leading to higher yield. Another very important 
finding was the higher 15N recovery from the 15N-labeled fertilizer taken up by the successively 
grown WW in the compost-amended soil. This was directly linked with the effect of the compost 
on enhanced N uptake by WW due to the increase in root growth. Simultaneously, it decreased the 
contribution of the subsoil to plant water uptake as shown by the increased 2H uptake from the 
topsoil and the decreased 18O uptake from the subsoil. Compost application created a completely 
different root ideotype, which was optimized for the increased nutrient mineralization and 
availability in the topsoil. This was also evident by the higher proportion of thicker roots compared 
to the non-amended successional WW. The application rate of 40 t compost fresh weight ha-1 
exceeded the maximum application rates of 20-30 t compost fresh weight ha-1 allowed in Germany 
within 3 years, while research has shown that both lower or higher rates than 40 t compost fresh 
weight ha-1 are beneficial to reduce the risk of take-all disease (Tilston et al., 2005; Demelash et 
al., 2014). The risk of nutrient leaching due to compost application was outside the scope of this 
thesis. However, previous research has shown that it is unlikely to be a major concern, while other 
measures, such as mixing compost with biochar or co-composting biochar, may increase the 
available surface area for NO3

- sorption and effectively address this concern (Iqbal et al., 2015; 
Castro‐Herrera et al., 2022). Although there are some emerging issues regarding compost 
application in agriculture, such as the potential contamination with microplastics (Braun et al., 
2021, 2023), the multiple benefits to both plant and soil make a strong case for the widespread 
adoption of compost as a sustainable tool to increase yields in successive WW rotations and 
promote key soil functions.  
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 PGPR inoculation also proved to be a very promising approach to mitigate productivity 
losses in successive WW rotations. The emerging market for biostimulants and the multiple 
benefits associated with PGPR can be considered a supplementary management option to compost. 
PGPR mechanisms of growth reduction compensation in successive WW rotations most likely 
differ from those of compost. Compost provides both a direct and indirect benefit to WW growth 
by supplying mineral nutrients and stimulating soil enzymatic activity that accelerates the 
mineralization of organic nutrients. At the same time, it could promote soil physical properties, 
such as soil porosity and soil aggregation, improving water retention and access for the plants. On 
the other hand, compost may introduce beneficial microorganisms that effectively control harmful 
soil pathogens of WW. Based on the findings in Chapter 6, B. pumilus may have worked in a 
different way. The application of B. pumilus could have stimulated changes in the rhizobiome 
assemblage, thereby influencing nutrient cycling and especially N cycling as shown by the 
differences in mineral N and especially soil NO3

-. These changes in the microbial community 
composition might have stimulated LAP activity, enabling plants to access organic N. Another 
possible mechanism of growth promotion by B. pumilus could be the hormonal induction of WW 
(e.g., by auxin and cytokinin), which improved root growth and therefore direct access to soil 
nutrients. The increase in LAP activity and the release of organic N following the larger root 
system of WW could have reduced the competition between plants and soil microbes for N. Roots 
contribute to organic N uptake by direct secretion of proteases and by the indirect contact between 
proteins and proteases bound to root cell walls, although the contribution of root-derived protease 
activity is estimated to be about 1/5 of total soil protease activity (Godlewski and Adamczyk, 2007; 
Greenfield et al., 2020). Therefore, the stimulating effect of B. pumilus on the root growth of 
successively grown WW had a big influence on LAP activity and its associated soil functions. 
However, we should keep in mind that extracellular proteases have functions in addition to N 
cycling, such as defense against plant pathogens and root cell expansion (Greenfield et al., 2020), 
and the higher LAP in the successive WW rotation following B. pumilus inoculation may provide 
additional benefits to enhanced organic N supply. The influence of B. pumilus on the transcriptome 
of WW could have induced the changes in root growth patterns or could have stimulated stress 
resistance genes in the soil of successive WW rotations, promoting plant growth. In addition, 
changes in gene expression related to protein synthesis and metabolites (such as flavonoids and 
other phenolic compounds) can be a major pathway driving the observed response of WW to B. 
pumilus inoculation (Liu et al., 2023; Zhao et al., 2023). 

7.3 Conclusions and outlook 
This thesis demonstrated that PSF are major drivers of plant productivity and microbial 
functioning. We now know that yield loss due to repetitive WW cultivation is a multifaceted 
phenomenon that is associated with intense plant-microbial interactions, C and N transfer in the 
rhizosphere and within the plant, water uptake and distinct root plastic responses. The results of 
this thesis were consistent in two different soil types and have important agricultural implications 
for extrapolating the main findings of the experiments. This knowledge should be taken into 
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account when designing agricultural systems that aim to achieve simultaneous ecosystem 
multifunctionality and productivity, and in areas where continuous WW cultivation is a common 
practice to achieve food security and agricultural profitability. This thesis also showed that the 
implementation of two sustainable management practices, i.e., application of compost and PGPR, 
could be an important addition in the toolbox of farmers to sustain WW yield and improve soil 
fertility by capitalizing on positive PSFs, which stimulate rhizosphere processes and nutrient 
availability for WW. Given the importance of the yield decline in consecutive WW rotations, it is 
important to focus future research efforts on: 
i. Validating our results in long-term field experiments to strengthen the predictability of the PSF 

and the proposed mechanisms: The experimental setup of this thesis allowed for both indoor and 
outdoor experiments where plants were exposed to ambient climatic conditions similar to field 
experiments. Nevertheless, certain limitations exist in mesocosm and rhizotron studies, and 
therefore field experiments will strengthen the power of the mechanisms that this thesis 
researched. 

ii. Conducting experiments to evaluate the effects of PGPR over a longer period to fully 
comprehend their modulating role in plant growth enhancement: PGPR proved to be a suitable 
method to mitigate biomass losses in continuous WW. However, it remains to be studied whether 
this effect is sustained over time and is reflected in the final grain yield. 

iii. Evaluating the changes in the plant’s transcriptome and metabolome following PGPR and 
compost application to understand their beneficial effects in compensating for yield losses in 
successive WW rotations. Several genes encoding the biosynthesis of important compounds and 
secondary metabolites might be differentially expressed following PGPR and compost addition, 
providing important insights into how they mitigate yield losses in successive WW rotations. 
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Appendices  
 

Appendix A: Supplementary material for Chapter 2 

 

Figure A.1 Minimum and maximum temperature and precipitation throughout the course of the 
experiment. 
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Figure A.2 Effect of the rotational positions on dissolved organic carbon (DOC) of the following 
winter wheat at the onset of stem elongation (BBCH 30), at soil depths 0-30 cm, 30-60 cm and 60-
100 cm and in two soil compartments bulk soil (BS) and rhizosphere soil (RH). W1 = first wheat, 
W2 = second wheat, and W4 = fourth wheat after oilseed rape in soil from the experimental farm 
Hohenschulen in Kiel, Germany. Within each soil depth and soil compartment, different lowercase 
letters denote significant differences between rotational positions at p ≤ 0.05 according to ANOVA 
with Bonferroni correction for multiple comparisons. No letters indicate non-significant 
differences. 
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Figure A.3 Effect of the rotational positions on dissolved organic carbon soil PCAL (a) and soil 
KCAL(b) of the following winter wheat at onset of stem elongation (BBCH 30) at the three soil 
depths 0-30 cm, 30-60 cm and 60-100 cm and in two soil compartments bulk soil (BS) and 
rhizosphere soil (RH). W1 = first wheat, W2 = second wheat, and W4 = fourth wheat after oilseed 
rape in soil from the experimental farm Hohenschulen in Kiel, Germany. Uppercase letters denote 
significant differences between rotational positions. Within each soil depth and soil compartment, 
different lowercase letters denote significant differences between rotational positions at p ≤ 0.05 
according to ANOVA with Bonferroni correction for multiple comparisons. No letters indicate 
non-significant differences. 
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Figure A.4 Effect of the rotational positions on dissolved organic carbon soil pH of the following 
winter wheat at onset of stem elongation (BBCH 30) at the three soil depths 0-30 cm, 30-60 cm 
and 60-100 cm and in two soil compartments bulk soil (BS) and rhizosphere soil (RH). W1 = first 
wheat, W2 = second wheat, and W4 = fourth wheat after oilseed rape in soil from the experimental 
farm Hohenschulen in Kiel, Germany. Uppercase letters denote significant differences between 
rotational positions. Within each soil depth and soil compartment, different lowercase letters 
denote significant differences between rotational positions at p ≤ 0.05 according to ANOVA with 
Bonferroni correction for multiple comparisons. No letters indicate non-significant differences. 
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Figure A.5 Effect of the rotational positions on maximum velocity (Vmax) and enzyme affinity 
(Km) of β-glucosidase (BGU) (a and b) and leucine aminopeptidase (LAP) (c and d) of the 
following winter wheat at onset of stem elongation (BBCH 30), at soil depths 0-30 cm, 30-60 cm 
and 60-100 cm and in two soil compartments bulk soil (BS) and rhizosphere soil (RH). W1 = first 
wheat, W2 = second wheat, and W4 = fourth wheat after oilseed rape in soil from the experimental 
farm Hohenschulen in Kiel, Germany. Within each soil depth and soil compartment, different 
lowercase letters denote significant differences between rotational positions at p ≤ 0.05 according 
to ANOVA with Bonferroni correction for multiple comparisons. No letters indicate non-
significant differences. 
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Figure A.6 Effect of the rotational positions on the microbial alpha diversity index Chao1 (a) and 
PCoA plots of beta diversity (b) of the following winter wheat at onset of stem elongation (BBCH 
30), at soil depths 0-30 cm and 30-60 cm, and in two soil compartments bulk soil (BS) and 
rhizosphere soil (RH). W1 = first wheat, W2 = second wheat, and W4 = fourth wheat after oilseed 
rape in soil from the experimental farm Hohenschulen in Kiel, Germany. Within each soil depth 
and soil compartment, different lowercase letters denote significant differences between rotational 
positions at p ≤ 0.05 according to the Kruskal Wallis test. 
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Figure A.7. Effect of the rotational positions on the microbial alpha diversity indices ((a) Pielou 
and (b) Shannon) of the following winter wheat at onset of stem elongation (BBCH 30), at soil 
depths 0-30 cm and 30-60 cm, and in two soil compartments bulk soil (BS) and rhizosphere soil 
(RH). W1 = first wheat, W2 = second wheat, and W4 = fourth wheat after oilseed rape in soil from 
the experimental farm Hohenschulen in Kiel, Germany. Within each soil depth and soil 
compartment, different lowercase letters denote significant differences between rotational 
positions at p ≤ 0.05 according to Kruskal Wallis test followed by Wilcoxon–Mann–Whitney test. 
No letters indicate non-significant differences. 
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Table A.5 Impact of rotational position (Rot_pos), soil depth (Depth) and their interactions on 
glucose rhizosphere extent (GLU RH extent), activity (GLU activity), hotspot area (GLU hotspot), 
β-glucosidase rhizosphere extent (BGU RH extent), activity (BGU activity), hotspot area (BGU 
hotspot), leucine aminopeptidase rhizosphere extent (LAP extent), activity (LAP activity) and 
hotspot percentage (LAP hotspot). The Yeo-Johnson transformation was used for GLU RH extent. 
Significant values at p ≤ 0.05 are indicated in bold.   

ANOVA results   GLU RH extent GLU activity GLU hotspot 
d.f. F p value F p value F p value 

Rot_pos 2 3.16 0.066 3.26 0.062 7.27 0.005 
Depth 2 15.89 < 0.001 0.72 0.502 37.27 < 0.001 
Rot_pos * Depth 4 0.56 0.696 0.80 0.543 0.80 0.544 
  BGU RH extent BGU activity BGU hotspot 
 d.f. F p value F p value F p value 
Rot_pos 2 15.11 0.000 2.91 0.081 0.33 0.726 
Depth 2 15.82 0.000 3.13 0.068 3.40 0.056 
Rot_pos * Depth 4 3.793 0.021 1.11 0.384 1.87 0.159 
  LAP RH extent LAP activity LAP hotspot 
 d.f. F p value F p value F p value 
Rot_pos 2 1.70 0.211 0.93 0.412 1.18 0.329 
Depth 2 2.65 0.098 0.68 0.521 3.99 0.037 
Rot_pos * Depth 4 2.52 0.077 0.19 0.940 1.29 0.310 

 

Table A.6 Impact of rotational position (Rot_pos), soil depth (Depth), soil compartment (Comp) 
and their interactions on plant-available P (soil PCAL), K (soil KCAL) and pH. Significant values at 
p ≤ 0.05 are indicated in bold. 

ANOVA results 
  soil PCAL     soil KCAL   pH 
d.f. F p value F p value F p value 

Rot_pos  2 36.32 < 0.001 36.16 < 0.001 277.98 < 0.001 
Depth  2 148.44 < 0.001 32.94 < 0.001 191.22 < 0.001 
Comp  1 28.60 < 0.001 0.15 0.698 88.22 < 0.001 
Rot_pos * Depth 4 11.89 < 0.001 3.46 0.014 20.04 < 0.001 
Rot_pos * Comp 2 0.45 0.639 1.56 0.219 8.62 0.001 
Depth * Comp 2 0.53 0.589 3.06 0.055 6.09 0.004 
Rot_pos * Depth * Comp 4 0.51 0.729 6.85 < 0.001 2.13 0.090 
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Table A.8 Impact of rotational position (Rot_pos), soil depth (Depth) and their interactions on 
root length proportion for the coarse root diameter class. Significant values at p ≤ 0.05 are 
indicated in bold. 

Soil depth Root diameter ≥ 2 mm 
cm % 
 W1 W2 W4 
0-30 0.06 ± 0.02 a 0.01 ± 0.00 b 0.00 ± 0.00 c 
30-60 0.02 ± 0.01  0.00 ± 0.00 0.00 ± 0.00 
60-100 0.04 ± 0.02 0.01 ± 0.00 0.01 ± 0.00 

ANOVA 
Rotational position F = 11.5; P < 0.001  

Depth F = 2.6; P = 0.094  
Two-way  F = 1.1; P = 0.364   
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Appendix B: Supplementary material for Chapter 3 
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Figure B.4 Effect of the rotational positions on the 16S rRNA of Archaea (a, d), ammonia-
oxidizing archaea amoA gene abundance (b, e) and bacterial nosZ gene abundance (c, f) of the 
following winter wheat at tillering (BBCH 29, 28 DAS) and grain ripening (BBCH 90, 180 DAS). 
W1 = first wheat and W2 = second wheat after oilseed rape. Different uppercase letters in each 
subplot indicate significant differences between the rotational positions. Within each soil depth, 
different lowercase letters denote significant differences between rotational positions at p ≤ 0.05 
level according to ANOVA with Bonferroni correction for multiple comparisons. No letters 
indicate non-significant differences. Three plant replicates were analyzed for the response 
variables (n = 24 for T1 and n = 12 for T2).
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Table B.4 Effect of rotational position (Rot_pos), soil depth (Depth) and their interactions on plant 
biomass and plant C:N. Significant values at p ≤ 0.05 level are indicated in bold. Data were 
transformed, using the Yeo-Johnson transformation, prior to the analysis. 

ANOVA results 
  Plant Biomass C:N ratio   
d.f. F p value F p value 

Rot_pos  2 32.27 0.000 2.52 0.123 
Plant_part 4 85.91 0.000 19.78 0.000 
Rot_pos × Plant_part 8 1.55 0.212 1.09 0.381 

 

Table B.5. Effect of rotational position (Rot_pos), soil depth (Depth) and their interactions on root 
dry weight (RDW) and root mass density (RMD). Significant values at p ≤ 0.05 level are indicated 
in bold. Data on RMD were transformed, using the Yeo-Johnson transformation, prior to the 
analysis. Data have been adapted from Kaloterakis et al. (2024b). 

ANOVA results 
  RDW   RMD   
d.f. F p value F p value 

Rot_pos  2 11.82 0.000 8.53 0.001 
Depth  4 5.55 0.001 27.77 0.000 
Rot_pos × Depth 12 1.26 0.290 0.69 0.696 

 

Table B.6 Effect of rotational position (Rot_pos), soil depth (Depth) and their interactions on root 
β-glucosidase (BGU) and leucine aminopeptidase (LAP) substrate affinity (Km) at tillering (28 
DAS, T1) and grain ripening (180 DAS, T2). Significant values at p ≤ 0.05 level are indicated in 
bold. Data on BGU at both T1 and T2 were transformed, using the Yeo-Johnson transformation, 
prior to the analysis. 

 ANOVA results   BGU Km   LAP Km   

 d.f. F p value F p value 

T1
 Rot_pos  1 20.31 0.000 2.51 0.129 

Depth  1 0.52 0.479 0.81 0.378 
Rot_pos × Depth 2 0.06 0.804 0.26 0.615 

T2
 Rot_pos  1 5.65 0.045 36.34 0.000 

Depth  1 6.03 0.040 0.06 0.806 
Rot_pos × Depth 1 0.17 0.695 0.00 0.984 
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Appendix C: Supplementary material for Chapter 4 

 

Figure C.1 Left: Visual illustration of the plant-labeling chamber used for the 13CO2 pulse 
labeling. Right: The chamber fitted onto the rhizotron. 
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Figure C.2 Schematic representation of the experimental setup for sampling CO2 and water vapor 
at different soil depths of the rhizotron, the plant-labeling chamber and from the two standards 
(500 ‰ H2

18O and D2O enriched standard (Std1) and depleted Std2). Adjusted from Rothfuss et 
al. (2015). The setup consisted of two valve stands each supporting six 3/2-way valves (Bürkert 
GmbH and Co. KG, Ingelfingen, Germany) with brass and stainless steel connections (Swagelok, 
Düsseldorf, Germany) suitable for creating airtight conditions when connected to the gas 
permeable tubing. Dry synthetic air (20.5% O2, 79.5% N2; Air Liquide, Düsseldorf, Germany) was 
directed to the isotope-specific analyzers. A vacuum pump with a needle valve was connected to 
the outlet of the plant chamber fitted onto the rhizotron and pumped air from the chamber interior 
to the isotope-specific analyzers at a rate of 3 L min-1. Synthetic air could be directed either to the 
valves connected to the side ports of the rhizotron, to the isotope standard vessels prepared as per 
Rothfuss et al. (2013) or to isotope-specific analyzers. Two pressure regulators were used to 
control pressure (1 bar, 5 ml min-1, Distrelec Deutschland GmbH, Bremen, Germany) and mass 
flow controllers (MFC) (Bronkhorst Deutschland Nord GmbH, Kamen, Germany) were used to 
control airflow.   
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Figure C.3 Microbial biomass C (Cmic) of in three rotational position of winter wheat at grain 
ripening stage (BBCH 92). W1 = first wheat, W2 = second wheat, and W4 = fourth wheat after 
oilseed rape. 

 

Figure C.4 Time courses of maximum (T max) and minimum (T min) temperature and relative 
humidity fluctuation in the greenhouse throughout the growing season of the plants. 
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Table C.1 Effect of days after labeling (DAL), rotational position (Rot_pos) and soil depth (Depth) 
and their interactions on excess 13C of soil respiration fluxes tested with repeated measured 
ANOVA. Significant values at p ≤ 0.05 level are indicated in bold. Data were log transformed 
prior to the analysis. 

 

 

 

 

 

Table C.2 Effect of rotational position (Rot_pos), plant part (Plant_part) and their interactions on 
absolute and relative excess 13C of different plant parts as well as on total plant biomass. 
Significant values at p ≤ 0.05 level are indicated in bold. Data were transformed, using the Yeo-
Johnson transformation, prior to the analysis. 

 

 

 

 

 

Table C.3 Effect of rotational position (Rot_pos), soil depth (Depth) and their interaction on 
absolute excess 13C of microbial biomass C (Cmic), dissolved organic carbon (DOC) and root 
biomass. Significant values at p ≤ 0.05 level are indicated in bold. Data were transformed, using 
the Yeo-Johnson transformation, prior to the analysis. 

 

 

 

  

ANOVA results Excess 13C of soil respiration 
d.f. F p value 

DAL  2.973 231.4 < 0.001 
DAL × Rot_pos 2.973 20.0 < 0.001 
DAL × Depth 8.918 22.1 < 0.001 
DAL × Rot_pos × Depth 8.918 1.5 0.178 

ANOVA results 
  Absolute excess Relative excess Total plant 

biomass 
d.f. F p value F p value F p value 

Rot_pos  2 29.42 0.000 0.61 0.549 30.60 0.000 
Plant_part 4 21.80 0.000 34.92 0.000 307.54 0.000 
Rot_pos × Plant_part 8 2.77 0.020 6.01 0.000 7.26 0.000 

ANOVA results 
  Excess 13C Cmic Excess 13C DOC Excess 13C root 
d.f. F p value F p value F p value 

Rot_pos  2 7.64 0.001 8.98 0.001 9.81 0.000 
Depth  6 6.10 0.000 5.61 0.000 7.36 0.000 
Rot_pos × Depth 12 0.83 0.619 0.88 0.569 0.73 0.718 
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Table C.4 Effect of rotational position (Rot_pos), soil depth (Depth) and their interaction on root 
dry weight (RDW), root mass density (RMD) and root length density (RLD). Significant values at 
p ≤ 0.05 level are indicated in bold. Data on RMD were transformed, using the Yeo-Johnson 
transformation, prior to the analysis. 

 ANOVA results 
  RDW   RMD   RLD   
d.f. F p value F p value F p value 

Rot_pos  2 11.82 0.000 8.53 0.001 7.44 0.002 
Depth  4 5.55 0.001 27.77 0.000 2.16 0.089 
Rot_pos × Depth 12 1.26 0.290 0.69 0.696 2.94 0.010 
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Appendix D: Supplementary material for Chapter 5 

 
Figure D.1 (a) Diagram of the stacked styrofoam plates with the PVC 
pipes/mesocosms, (b) PVC mesocosm with the sampling ports at different depths used 
in the experiment. 

 
Figure D.2 (a) Time courses of temperature and precipitation, and (b) soil temperature 
throughout the growing season. 
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Figure D.3 Effect of the rotational positions on (a) the Vmax of β-glucosidase (BGU) 
and (b) leucine-aminopeptidase (LAP) of the following winter wheat at flowering 
(BBCH 61, T1). First wheat after oilseed rape without (W1) and with (W1C) compost 
addition, and second wheat after oilseed rape without (W2) and with (W2C) compost 
addition. Different uppercase letters in each subplot indicate significant differences 
between the rotational positions. Within each soil depth, different lowercase letters 
denote significant differences between rotational positions at p ≤ 0.05 level according 
to PERMANOVA with Benjamini-Hochberg p adjustment. Absence of letters indicates 
non-significant differences. 
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Figure D.4 Spearman rank correlation matrices visualizations with false discovery rate 
(FDR) adjustment between the absolute 13C excess of plant material for (a) 1st winter 
wheat after oilseed rape without (W1) and (b) with (W1C) compost addition; (c) 2nd 
winter wheat after oilseed rape without (W2) and (d) with (W2C) compost addition. 
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Table D.3 Effect of rotational position (Rot_pos), organic amendment (OA), plant part 
(Plant_part) and their interaction on plant dry weight (Plant DW) and plant C:N ratio. Significant 
values at p ≤ 0.05 level are indicated in bold. Pseudo F is the modeled analogous to the F statistic 
in ANOVA. 

ANOVA results 
  Plant DW   Plant C:N   

df Pseudo F p value Pseudo F p value 
Rot_pos 1 22.57 0.000 6.01 0.017 
OA 1 26.97 0.000 13.45 0.000 
Plant_part 4 425.06 0.000 120.70 0.000 
Rot_pos × OA 1 35.89 0.000 17.05 0.000 
Rot_pos × Plant_part 4 2.45 0.048 0.81 0.532 
OA × Plant_part 4 9.43 0.000 9.15 0.000 
Rot_pos × OA × Plant_part 4 2.28 0.070 0.87 0.485 
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Appendix E: Supplementary material for Chapter 6 

 

Figure E.1 Custom-made rhizotrons with passive and active temperature regulation.  

 



 

154 
 

 

Figure E.2 Ambient minimum and maximum temperature and precipitation (a), and 
soil temperature of the rhizotron at 10 cm, 40 cm and 80 cm (b) during the course of 
the experiment.  
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Figure E.3 Proportion of root length for six root diameter classes of two rotational 
positions of winter wheat at end of tillering (BBCH 29). First wheat after oilseed rape 
without (W1-) and with (W1+) Bacillus pumilus and second wheat after oilseed rape 
without (W2-) and with (W2+) Bacillus pumilus. Within each root diameter class, 
different lowercase letters indicate significant differences between the rotational 
positions at p ≤ 0.05 level according to PERMANOVA. Absence of letters indicate 
non-significant differences. 
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Figure E.4 Effect of the rotational positions on dissolved organic C (DOC of the 
following winter wheat at end of tillering (BBCH 29) at soil depth 0-30 cm, 30-60 cm 
and 60-100 cm and two soil compartments: root-affected soil (RA) and rhizosphere soil 
(RH). First wheat after oilseed rape without (W1-) and with (W1+) Bacillus pumilus 
and second wheat after oilseed rape without (W2-) and with (W2+) Bacillus pumilus. 
Different uppercase letters indicate significant differences between the rotational 
positions. Within each soil depth, different lowercase letters indicate significant 
differences between the rotational positions at p ≤ 0.05 level according to 
PERMANOVA. Absence of letters indicate non-significant differences. 
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Figure E.5 Rhizosphere extent of β-glucosidase (BGU; a) and leucine aminopeptidase 
(LAP; b) of two rotational positions of winter wheat at end of tillering (BBCH 29) at 
soil depths 0-30 cm, 30-60 cm and 60-100 cm. First wheat after oilseed rape without 
(W1-) and with (W1+) Bacillus pumilus and second wheat after oilseed rape without 
(W2-) and with (W2+) Bacillus pumilus. Within each soil depth, different lowercase 
letters indicate significant differences between the rotational positions at p ≤ 0.05 level 
according to PERMANOVA. Absence of letters indicate non-significant differences. 
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Table E.6 Effect of rotational position (Rot_pos), plant growth-promoting rhizobacterium 
(PGPR), soil depth (Depth) and their interaction on β-glucosidase (BGU) and leucine 
aminopeptidase (LAP) hotspot area percentage, rhizosphere (RH) extent and activity. Significant 
values at p ≤ 0.05 level are indicated in bold. Pseudo F is the modeled analogue to the F statistic 
in ANOVA. 

ANOVA results 
  BGU hotspot BGU RH extent BGU activity 

df Pseudo F p 
value Pseudo F p 

value Pseudo F p 
value 

Rot_pos 1 0.06 0.811 5.97 0.020 3.54 0.071 
PGPR 1 0.01 0.906 8.04 0.006 2.41 0.125 
Depth 2 3.73 0.062 0.18 0.675 0.65 0.428 
Rot_pos × PGPR 1 0.00 0.970 8.89 0.005 0.09 0.776 
Rot_pos × Depth 2 0.46 0.499 1.37 0.244 0.01 0.942 
PGPR × Depth 2 0.29 0.596 0.43 0.506 0.18 0.684 
Rot_pos × PGPR × Depth 2 0.12 0.734 0.58 0.458 0.15 0.697 
   LAP hotspot LAP RH extent LAP activity 

   Pseudo F 
p 
value Pseudo F 

p 
value Pseudo F 

p 
value 

Rot_pos 1 0.02 0.902 5.97 0.020 1.94 0.176 
PGPR 1 0.07 0.798 8.04 0.008 0.15 0.700 
Depth 2 6.20 0.017 0.18 0.671 12.08 0.002 
Rot_pos × PGPR 1 0.11 0.729 8.89 0.005 0.73 0.400 
Rot_pos × Depth 2 1.36 0.245 1.37 0.247 0.24 0.628 
PGPR × Depth 2 1.05 0.322 0.43 0.515 0.78 0.376 
Rot_pos × PGPR × Depth 2 0.01 0.925 0.58 0.451 0.23 0.632 
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