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Summary of the thesis

The domestication of agricultural crops followed the settlement of humans and the extensive
breeding of the cultivated crops to increase their yield. Agricultural land management has
intensified over the years with the excessive use of synthetic chemicals (pesticides, fertiliser) and
destructive soil management techniques such as tillage. Consequently, soil biodiversity and the
complexity of the food webs decreased. Additionally, the threat for nutrient runoff and erosion
increased, damaging surrounding ecosystems, including water courses, among other things. A
shift to nature-based solutions such as perennial crops can counteract the negative effects of

conventional agriculture on the soil ecosystem and improve its condition.

Perennial crops eliminate soil disturbance and reduce the amount of synthetic chemicals that are
applied to the soil, improving soil biodiversity and food web structure. Additionally, perennial
cropping is characterised by all year-round surface coverage which benefits soil biota in terms of
habitat and food sources. Perennial intermediate wheatgrass (Thinopyrum intermedium, IWG)

® and serves

was domesticated and commercialised by The Land Institute in Kansas as Kernza
as an example for these nature-based solutions. It develops an extensive root system that has a
higher nutrient retention, possibly reducing nutrient runoff. It thereby follows a more resource-
conservative strategy with improved belowground-oriented resource allocation in its root system.

This may reduce the need for excessive fertiliser as the crop has a higher nitrogen efficiency,

among other things.

The effect of cultivated crops on soil ecosystems can be investigated using bioindicators. Within
this dissertation, examples of the three functional groups after Turbé (2010) following the size
gradient from macrofauna (ecosystem engineers) to microfauna (biological regulators) and mi-
crobes (chemical engineers) were applied, i.e. from earthworms to nematodes and the endophytic
microbiota, respectively. The study sites were located in a North to South gradient in Western
Europe, from southern Sweden via Belgium to southern France, presenting varying soil and cli-
mate conditions, to exclude the possibility that the benefits of IWG over annual wheat would
be predetermined or influenced by those base conditions. In addition to the above-mentioned
bioindicators, the crop composition, both above- and belowground, and the soil itself were ana-

lysed.

IWG promoted the earthworm community and its diversity, more specifically, the occurrence of

epigeic species (litter inhabitants), since those species benefit from the increased soil coverage
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and elimination of disturbances in the soil. As IWG creates a dense and extensive root system,
as shown by the increased occurrence of root-feeding nematodes, endogeic species (horizontal
burrowers) are supported through the provision of a reliable food source. IWG was characterised
as a mostly undisturbed system with a highly structured food web through nematode analy-
sis, as expressed through the promotion of structure indicators, for example, that are sensitive
to disturbances in the soil and are therefore supported under no-till management. The root
microbiome is continuously being shaped by the host as the crop regrows from the roots each
vegetation period. This creates a symbiotic relationship and a beneficial feedback loop for the
crop. Resultantly, the root-endophytic microbiome under IWG had a higher network complex-
ity, connectivity and stability compared to annual wheat. The regrowth from the roots for IWG
requires increased nutrient and energy storage, which was indicated by increased starch values.
Correspondingly, the longer residence time of the roots in the soil resulted in higher lignin values.
Furthermore, the decomposition pathway was dominated by fungivorous nematodes which may
correspond to stimulated nutrient cycling and a heterogeneous resource environment, as seen for

low input systems.

Overall, perennial wheat cultivation improved soil biodiversity already after an establishment of
3-6 years. As those benefits were present for all three countries, the varying soil and climate
conditions do not seem to interfere with the positive effect of perennial wheat on the soil ecosys-
tem, demonstrating a wide transferability and adaptability of the crop onto other study sites
as well. Enhanced complexity and connectivity of the food web in comparison to annual wheat
may indicate a resistance against abiotic stress, suggesting IWG cultivation as a viable option for
a sustainable and resilient agriculture. The improvement in nutrient cycling and the resource-
efficient cultivation strategy for IWG could enable cultivation on marginal land where annual crop
cultivation is not possible as the soils are susceptible to erosion and nutrient runoff. This opens
up new possibilities for agricultural cultivation on previously unused land, thus contributing to

food security in the future.
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Zusammenfassung

Zusammenfassung

Nach der Besiedlung durch den Menschen wurden die damals angebauten Nutzpflanzen do-
mestiziert und deren Ertrag durch extensive Ziichtung gesteigert. Die Bodenbewirtschaftung
wurde im Laufe der Jahre durch den iiberméfigen Einsatz von synthetischen Stoffen (Pestizide,
Diingemittel) und zerstorerischen Bodenbearbeitungstechniken, wie die Pflugbearbeitung inten-
siviert, was sich negativ auf die Artenvielfalt und Komplexitit der Nahrungsnetze auswirkte.
Auferdem erhohte sich die Gefahr von Erosion und daraus folgendem Néahrstoffabfluss, wodurch
die umliegenden Okosysteme, einschlieRlich der Wasserliufe, u.a. durch den Abfluss von Diingemit-
teln, geschidigt wurden. Die Umstellung auf mehrjéhrige Kulturen als naturnahe Losung eréffnet

eine Moglichkeit um das geschédigte Bodenokosystem zu verbessern.

Mehrjahrige Kulturen verzichten auf schidigende Bodenbearbeitungen und verringern den Ein-
satz von synthetischen Chemikalien auf den Boden. Dadurch verbessert sich die Artenvielfalt,
sowie die Struktur der Nahrungsnetze. Dariiber hinaus ist der mehrjéhrige Anbau durch eine
ganzjidhrige Oberflachenbedeckung gekennzeichnet, die den Bodenlebewesen als Lebensraum und
Nahrungsquelle dient. Ein Beispiel ist intermedidres Weizengrass (Thinopyrum intermedium,
IWG), welches vom Land Institute in Kansas unter dem Namen Kernza® domestiziert und ver-
marktet wurde. IWG entwickelt ein tiefes und dichtes Wurzelsystem, das eine hohere Néhrstoff-
bindung aufweist und dadurch den Nahrstoffabfluss auf nahe gelegene Felder oder in Wasserldufe
verringert. Die Pflanze verfolgt damit eine ressourcenschonendere Wachstumsstrategie mit einer
verbesserten unterirdischen Ressourcenallokation. Dies kann den Bedarf an iiberméfigem Ein-
satz von Diingemitteln verringern, da die Pflanze zum Beispiel eine hohere Stickstoffeflizienz

aufweist.

Die Auswirkung einer Kulturpflanze auf das Okosystem Boden kann mit Hilfe von Bioindika-
toren untersucht werden. In dieser Dissertation wurden Beispiele fiir die drei Funktionsgruppen
nach Turbé (2010) verwendet, die dem Grékengradienten von der Makrofauna (Okosystemin-
genieure) zur Mikrofauna (biologische Regulatoren) und zu den Mikroben (Chemieingenieure)
folgen, entsprechend von Regenwiirmern zu Nematoden und dem wurzelendophytischen Mikro-
biom. Die in dieser Dissertation verwendeten Untersuchungsstandorte befanden sich in einem
Nord-Siid-Gefille in Westeuropa, von Stidschweden iiber Belgien bis Siidfrankreich, und wiesen
unterschiedliche Boden- und Klimabedingungen auf, um auszuschliefsen, dass die Vorteile von

IWG gegeniiber einjihrigem Weizen durch diese Ausgangsbedingungen vorgegeben oder beein-
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flusst werden. Zusétzlich zu den oben erwdhnten Bioindikatoren wurde die Zusammensetzung

der Pflanzen, sowohl ober- als auch unterirdisch, und der Boden analysiert.

IWG forderte die Regenwurmpopulation und ihre Diversitét, insbesondere das Vorkommen epigé-
ischer Arten (Streubewohner), da diese Arten von der ganzjiahrigen Bodenbedeckung und Eli-
minierung von destruktiven Bodenbearbeitungen profitieren. Da IWG ein dichtes Wurzelsystem
bildet, was durch das verstirkte Aufkommen von wurzelfressenden Nematoden gezeigt wurde,
werden endogene Arten (mineralische Bodenbewohner) durch das Vorkommen einer zuverldssigen
Nahrungsquelle ebenfalls unterstiitzt. IWG wurde durch die Nematodenanalyse als ein weitge-
hend ungestortes System mit einem stark strukturierten Nahrungsnetz charakterisiert. Dies
wurde beispielsweise anhand von Strukturindikatoren gezeigt, die empfindlich auf Stérungen im
Boden reagieren und daher durch die pfluglosen Bearbeitung unter IWG unterstiitzt werden.
Das Wurzelmikrobiom wird kontinuierlich durch den Wirt geformt, da die Pflanze in jeder Ve-
getationsperiode aus den Wurzeln nachwéchst. Dadurch entsteht eine symbiotische Beziehung,
welche sich durch eine hohere Netzwerkkomplexitiat, Konnektivitdt und Stabilitdt des wurzelen-
dophytischen Mikrobioms im Vergleich zum einjéhrigen Weizen kennzeichnet. Das Nachwach-
sen aus den Wurzeln bei IWG erfordert eine erhéhte Nahrstoff- und Energiespeicherung, sowie
eine Resistenz gegen Zersetzung, was durch erhdhte Stérke- und Ligninwerte angezeigt wurde.
Auferdem konnte das hohe Aufkommen von pilzfressenden Nematoden mit einem stimulierten
Néhrstoftkreislauf und einem heterogenes Ressourcenumfeld in Verbindung gebracht werden, wie

es bei Systemen mit geringem Input von beispielsweise synthetischen Chemikalien der Fall ist.

Insgesamt verbesserte der mehrjahrige Weizenanbau die biologische Vielfalt des Bodens sogar
nach nur 3-6 Jahren Etablierung. Da diese Vorteile in allen drei Léndern gegeben waren, scheinen
die unterschiedlichen Boden- und Klimabedingungen die positive Wirkung von mehrjéhrigem
Weizen auf das Bodendkosystem nicht zu beeintriachtigen, was auf eine hohe Anpassungsfihigkeit
der Pflanze auf eine Vielzahl an Standorten hindeutet. IWG kann somit zu einer nachhalti-
gen und widerstandsfdhigen Landwirtschaft beitragen, da die hohere Komplexitdt und Ver-
netzung des Nahrungsnetzes im Vergleich zu einjahrigem Weizen auf eine mogliche Resistenz
gegen abiotischen Stress hindeuten konnte. Die potenzielle Verbesserung des Nahrstoffkreis-
laufs und die ressourceneffiziente Wachstumsstrategie fiir IWG ermdglicht ebenfalls den Anbau
auf Grenzertragsflichen, die anféllig fiir Erosion und Né&hrstoffabfluss sind, und triagt so zur

Erndhrungssicherheit in der Zukunft bei.
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Introduction

1.1 The impact of agricultural land-use on solil biodiversity

and functioning

The settlement of humans and corresponding domestication of agricultural crops for food started
with the Neolithic Revolution (also called "Agricultural Revolution’) at the end of the last Ice
Age around 12,000 years ago (Blakemore, 2019). Humans started to settle and cultivate crops,
shifting from hunting and gathering towards agriculture (Blakemore, 2019; Haas et al., 2019).
Resultantly, soil cultivation and crop breeding became the focus and, to this day, the maximi-
sation of yield through intensive soil management and usages of synthetic chemicals (fertiliser,
herbicides, pesticides, etc.) is one of the striving forces behind conventional agriculture to main-
tain food security (Duden et al., 2024; Cox et al., 2010).

The complexity of soil food webs and the soil fauna composition is strongly correlated with land-

use intensi cation (Tsiafouli et al., 2015). One of the most severe negative e ects of conventional

agricultural systems on the soil ecosystem is the usage of tillage as it disrupts the soil structure
and buries food sources (crop residues) for larger organisms (Kladivko, 2001). Furthermore, the
excessive usage of pesticides in current agriculture negatively impacts reproduction, diversity,
growth and behaviour of soil invertebrates, among other characteristics (Gunstone et al., 2021).
Additionally, the usage of herbicides can disturb the food web, as it reduces the abundance of
predator nematodes, which could indicate a shortening of the food chain, reducing top-down

pressure on pest organisms (Zhao et al., 2013).

The need for sustainable future measures therefore becomes evident as soil degradation continues
to increase. The United Nations have formulated 17 Sustainable Development Goals (SDG) to
combat the threat of hunger, poverty and clean water, for example (United Nations, n.d.-a).
From these goals, SDG 2 strives to implement a resilient agriculture that can use marginal lands
with resistant crops which can withstand unfavourable soil and climate conditions, improving
nutrition and food access all around the world (United Nations, n.d.-b). One nature-based option

is for example the cultivation of perennial crops, as it is predicted to reduce the threat of soil
erosion through water runo , improves soil biodiversity and can be cultivated on marginal lands

to improve food security (Vallebona et al., 2016; Blanco-Canqui, 2016; DuPont et al., 2014).
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1.2 The implementation of perennial crops into current agri-

culture

The degradation of the soil ecosystem through conventional agriculture emphasises the need for
more sustainable management systems like conservation or organic agriculture. Conservation
agriculture only uses minimal mechanical soil management and emphasises surface cover, while
organic farmers till their soil to remove weeds without the need for inorganic fertilisers, bene tting
soil fauna communities (Donovan, 2020; Henneron et al., 2015). However, one cultivation system
that completely renounces intensive soil management and excessive chemical input is perennial
cultivation (Peters et al., 2022; lutzi and Crews, 2020).

As the name suggests, perennial cultivation entails crops that are planted for more than one cul-
tivation period. Fruits are amongst the rst perennial crops, dating back more than 11,000 years
ago, bene tting with reduced labour intensity and longer life spans compared to annual crops
(Krug, 2023). The cultivation time of perennial crops may be permanent (grassland, prairie), 15-
20 years or more Miscanthus x gigantheus Silphium perfoliatum) or 4-5 years (perennial grain),
as for the latter, the yield greatly decreases after 4 years (Witzel and Finger, 2016; Gansberger
et al., 2015; Tautges et al., 2023).Panicum virgatum (Switchgrass) can be grown as a perennial
bioenergy crop for over 15 years and has an intense biomass production with heights of over 3
metres (Rinehart, 2006). Another bioenergy crop,Miscanthus x giganteus creates high above-
ground biomass of more than 2 metres (Semere and Slater, 2007). Reed-canary graBhdlaris
arundinacea) cultivation creates dense soil coverage with up to 100% ground cover and only few
weed species (Semere and Slater, 2007). Another perennial grass, Giant reestyndo donax),
develops a dense root system, including increased root biomass in the upper 40 cm of soil (Monti
and Zatta, 2009).

The inclusion of marginal lands, which are either low quality or unsuitable for food produc-
tion (Shortall, 2013), is another important opportunity for further research and development,
especially in the context of the ongoing growth of human population. Here, the cultivation of
perennial crops on marginal land proves valuable to the soil ecosystem (Blanco-Canqui, 2016;
Hou et al., 2023). Bioenergy crops may already be cultivated on marginal lands (Khanna et
al., 2021), improving soil biodiversity and reducing the threat of erosion and nutrient run-o .
Switchgrass, for example, is suitable for marginal lands, preventing soil erosion and improving

soil biology, while being tolerant to extreme conditions like droughts and oods (Rinehart, 2006;
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Ichizen et al., 2005). The cultivation on marginal lands requires a higher nutrient e ciency, as
the soils are oftentimes degraded or “un t' for cultivation (Shortall, 2013). Perennial crops there-
fore turn more towards K-strategy (resource-e cient) in comparison to annual crops (r-strategy,
excessive resource use), as the rst stores resources in their root systems (Denison, 2012; Gibson
and Gibson, 2009).

One could therefore argue that perennial crops have a higher nutrient synchronicity between
demand and supply, as they su er fewer nutrient losses while at the same time requiring less
nutrient input (Crews, 2005). For example, annual crops, like maize, tend to have a lower
water use e ciency than perennial crops like Miscanthus x gigantheus Switchgrass or perennial
intermediate wheatgrass as those crops form highly intertwined rhizomes, which support the
uptake of water (VanLoocke et al., 2012; Monti and Zatta, 2009; Culman et al., 2013). This
may increase their drought resistance, which is vital with the rapid advance of climate change.
The more extensive root system also increases carbon sequestration (Sprunger et al., 2019; Ledo
et al., 2020) with estimated potential soil organic carbon accumulation rates of up to 1.70 ha !
year ! under perennial grain cultivation and 5.7 Mg ha ! in depths of up to 100 cm (Crews
and Rumsey, 2017; Ledo et al., 2020), further improving climate change mitigation. Another
study using perennial grasslands found 43 Mda ' more soil carbon in the top 100 cm of soil
compared to annual wheat (Glover et al., 2010). Additionally, perennial grasslands may have a

higher methane consumption than annual crops like maize (Werling et al., 2014).

The formation of a more extensive and denser root system, and the related higher nutrient
retention rates, necessarily a ect the soil ecosystem and its biodiversity. How and to what
extent the roots and rhizosphere a ect this productivity and its structure is however still often

under-represented in research (Briones, 2018).

1.2.1 Perennial grain

A promising option for a resilient perennial grain crop is intermediate wheatgrass Thinopyrum
intermedium, hereafter referred to as IWG). First used as fodder for livestock, it was domes-
ticated and commercialised as Kernz8 by The Land Institute in Kansas, United States (The
Land Institute, 2025). IWG develops a deeper and denser rooting system, including increased
root biomass (Duchene et al., 2020; Figure 1.1). This extensive root system enriches the sub-

soil through improved carbon allocation and increases the water-use e ciency (Peixoto et al.,
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2022; De Oliveira et al., 2018). In its beginning growth phase, it implements a more ‘resource-
conservative strategy', which includes increased allocation of resources belowground (Duchene
et al., 2020). This high nutrient e ciency leads to reduced nitrogen needs for growth (Fagnant

et al., 2023), which may reduce the need for excessive fertiliser usage.

Figure 1.1: Depiction of the root system of IWG compared to annual wheat throughout the
seasons (DeHaan and Glover, 2008).

IWG also creates greater forage density than annual wheat, with improvements of up to 160%
(Law et al., 2022). It can therefore also be used as a dual crop for grain and forage, which may
bring additional nancial income for the farmers, as it currently cannot compete with annual
grain yield and requires more extensive research to develop a pro table crop management (Lanker
et al., 2020; Paul et al., 2024; Chapter 6.2.2). The higher surface cover however also increases

the pressure of weeds, which is discussed more in detail in Chapter 6.2.2.

1.3 The e ect of perennial cultivation on soil biota

Soil functioning and related processes are heavily driven by soil fauna (FAO et al., 2020), which

is why their distributions can be great indicators as they both positively and negatively react to
changes in the ecosystem. These changes can then be translated into the respective ecosystem
services they provide. These may include biological pest control, yield potential or biodiversity

potential (Birkhofer et al., 2018).
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One of the most important factors for the reduction of macroinvertebrates in the soil is agricul-
tural management as it reduces their abundance and diversity (Lavelle et al., 2022). For this
reason, perennial crops such as perennial grasses support a higher species diversity compared to
annual crops (e.g. Werling et al., 2014; Je2ovnik et al., 2019). A reason might be that perennial
crops protect the soil surface from extreme conditions (e.g. drying out) through the year-round
surface cover which also creates important overwintering habitats (Hafner et al., 2023). Peren-
nial energy crops also support the abundance and diversity of Arachnida (spiders) and Carabidae
(beetles), mainly through the increased diversity and complexity of the cropland (Platen et al.,
2017; Wang, Axmacher, et al., 2021), referring to the “multifunctionality’ of the system (see
Chapter 6.2.3). The trend for beetles however might also be site-speci ¢ (Burmeister, 2021). It
may be that the dense surface cover hinders their movement, which reduces the probability to
catch them with a passive method like pitfall traps. On elds with only little surface coverage,
i.e. annual cropping elds, they might move around more freely and get easily attracted by the
traps and fall in. Furthermore, Miscanthus x gigantheuscultivation may reduce beetle and spider
diversity due to the low weed vegetation and resultantly fewer insects as a food source (Williams
and Feest, 2019).

IWG is known to support higher fungal biomass and respiration (Duchene et al., 2020; Tang
et al., 2024), for example, but not much is known about its e ect on macrofauna (earthworms),
the structure of the food web or about the tight interplay of the root endophytic microbiome with
the crop. This dissertation strives to close those knowledge gaps. In the following subchapters,
the indicators used in this dissertation, divided into three size classes (Table 1.1), are further

investigated, especially in regard to the e ect of perennial grain (IWG).

Table 1.1: Classi cation of the soil bioindicators used in this dissertation after Turbé (2010) and
FAO et al. (2020).

Group Exemplary ecological pro- Soil bioindicator Size
cesses

Ecosystem engineers  Bioturbation, water in ltration, Earthworms Macrofauna
maintaining the structure of the  (Chapter 2 & 5)
soll

Biological regulators  Regulation of populations of Nematodes Microfauna
other soil organisms through (Chapter 3)

grazing, predation of parasitism
Chemical engineers Transformers and decomposers, Endophytic Microbiome  Microbes
transformation of nutrients (Chapter 4 & 5)
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1.3.1 Earthworms

Earthworms in uence the soil ecosystem through processes like nutrient turnover or litter trans-
formation (Blouin et al., 2013). They are considered as one of the most vital ecosystem engineers
as they in uence soil formation through organic matter stabilisation and nutrient mineralisation
(Lavelle et al., 1997). Earthworms can be divided into three main categories: anecic (deep bur-
rowing), endogeic (horizontal burrowing) and epigeic (litter inhabitants) species (Bouché, 1972).
However, the assignment of earthworm species to certain life forms is still in constant develop-
ment (e.g. Bottinelli et al., 2020; Bottinelli and Capowiez, 2021; Capowiez et al., 2024) to make
sure that the assignment is representative enough of their activity and role in the soil ecosystem.
Resultantly, subcategories like epi-anecic and endo-anecic could be assigned to selected species
(Bottinelli et al., 2020). Another option is to characterise them according to their burrowing be-
haviour like intense tunnelers or litter dwellers, for example (Capowiez et al., 2024). A summary

of selected species and their varying categories can be seen in Table 1.2.

Table 1.2: Life forms of the most common earthworm species in arable land and the respective
classi cations according to the selected publications.

Species Bouché (1972) Bottinelli et al. (2020) Capowiez et al. (2024)
Lumbricus terrestris Anecic Epi-anecic Burrower
Lumbricus castaneus Epigeic Epigeic Litter dweller
Aporrectodea longa Anecic Intermediate Burrower
Aporrectodea caliginosa Endogeic Endogeic Burrower
Aporrectodea nocturna  Anecic Endo-anecic Intense tunneler
Aporrectodea rosea Endogeic Endogeic Intermediate
Allolobophora chlorotica Intermediate Intermediate Intermediate

Earthworms help the ecosystem especially through their production of nutrient enriched casts
(van Groenigen et al., 2019). Increased occurrences of earthworms therefore correlate to greater
numbers of stable microaggregates in the soil, which are enriched in carbon and minerals, con-
tributing to nitrogen mineralisation and carbon cycling (Pulleman et al., 2005; Marinissen and
De Ruiter, 1993). Their burrowing activity then allows for the carbon transfer to the subsoil
(Jégou et al., 2000). The e ect of earthworms on nutrient cycling is especially of importance for
phosphorus as this nutrient strongly binds to minerals, which deters the uptake by the roots (Vos
et al., 2019; Amadou et al., 2022). After the uptake, the resulting casts, especially from anecic
and epigeic species, are then enriched with plant-available phosphorus and resultantly improve
phosphorus uptake by the crop, possibly enhancing plant growth and grass biomass production
(Bayon and Milleret, 2009; van Groenigen et al., 2019; Vos et al., 2022; Hallam et al., 2021).
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Earthworms can also be used as indicator species for soil monitoring and risk assessment of con-
taminated soil (Pérés et al., 2011). Their distribution on the eld is heterogeneous and in uenced

by soil parameters like soil pH, soil organic carbon and water content but also the soil texture
(clay, silt, sand) (Hodson et al., 2021; Emmerling et al., 2021). The lowest species diversity is
found in sandy soils and increases under loamy and clayey soils, oftentimes in combination with
resultantly increased soil organic matter content (Kruick et al., 2006). Aporrectodea caliginosg

for example, may be present in soils with a low pH, high potassium levels and low enzymatic
activity, as is the case for disturbed environments, therefore serving as a good perturbation in-
dicator, while Aporrectodea rosea on the other hand, prefers moist environments (Falco et al.,
2015).

An additional factor in uencing earthworm distribution is the surface cover, which serves as a
habitat and their food source. IWG has a year-round surface coverage through the exclusion
of tillage (Rasche et al., 2017; Crews et al., 2018), which has a positive in uence on earthworm
community and diversity. Resultantly, perennial crops with lower litter input harbour only low
populations of earthworms, as can be seen favliscanthus x gigantheus(Feledyn-Szewczyk et al.,
2019). Regarding the composition of their food source, a wide C/N ratio (carbon-to-nitrogen
ratio) is not preferred. This can be seen for the comparison between maize (C/N ratio: 34.8)
and Miscanthus x gigantheus(C/N ratio: 134.4), with earthworms preferring the annual over
the perennial crop substrate due to higher nitrogen content in the respective litter (Ernst et al.,

2009).

Intensively managed elds as soils with high chemical input and conventional tillage have lower
earthworm occurrence and diversity (Smith et al., 2008; Briones and Schmidt, 2017; Felten and
Emmerling, 2011). Especially tillage is one of the main factors decreasing earthworm abundance
and diversity (Jill Clapperton et al., 1997). Epigeic and anecic earthworms are most negatively
a ected by conventional tillage as it decreases the food source on the surface (harvest residues)
and destroys their burrows, respectively (Briones and Schmidt, 2017). As the burrows of anecic
species may be permanent and inherited by the next generation, it indicates the low mobility of
earthworm species likeLumbricus terrestris and the highly damaging e ect of tillage (Briones
and Schmidt, 2017; Grigoropoulou et al., 2008; Butt et al., 2003). Endogeic species may however
sometimes be promoted by tillage, as it increases their food supply through the mixing of the
surface layer into the soil (Chan, 2001). During the writing process of this dissertation, no liter-

ature could be found connecting IWG cropping with earthworm community analysis. However,



Introduction

the non-destructive nature of perennial energy cropping is known to support the occurrence of
earthworm population and diversity (Emmerling et al., 2021; Schorpp and Schrader, 2016), which

leads to the assumption that IWG would also promote soil fauna diversity.

1.3.2 Nematodes

Nematodes have an accumulative biomass of approximately 0.3 gigatonnes and are present in
habitats all around the world as the most abundant metazoa (van den Hoogen et al., 2019;
Bongers and Ferris, 1999). They are therefore vital contributors of the food web as both primary

and intermediate consumers (Bongers and Ferris, 1999).

Table 1.3: Nematodes categorised according to the coloniser-persister scale (c-p) after Bongers
(1990) and Bongers and Bongers (1998). The feeding groups were assigned after Yeates et
al. (1993) with bacterivores (BV), fungivores (FV), root feeders (RF), omnivores (OM) and
predators (PRED).

c-p Feeding groups  De nition Interpretation
cpl BV Enrichment Short generation time. Under enriched conditions, they often
indicators explode in abundance and their dauerlarvae-stage can outlive
times of food shortage
cp2 BV, FV,RF Basal fauna  Short generation time, but no dauerlarvae-stage. They are

comparatively tolerant to pollutants and disturbances and occur
under food-rich and food-poor conditions

c-p3 BV, FV,RF, Structure Longer generation times. Good disturbance indicators
PRED indicators
cp4 BV, FV,RF, Structure See c-p 3 nematodes, but with lower fecundity.
OM, PRED indicators
c-p5 RF, OM, PRED Structure Large individuals with a long generation time, as well as a low
indicators reproduction rate. They are most sensitive to disturbances and
pollutants

Nematodes can be categorised according to the coloniser-persister scale, or c-p scale, after
Bongers (1990) and Bongers and Bongers (1998) (Table 1.3). Here, higher valued nematodes rep-
resent a stable ecosystem with reduced disturbances as those nematodes have a longer generation
time and are sensitive to disturbances (Bongers and Bongers, 1998; Bongers, 1990), suggesting
a higher abundance of those nematodes under perennial cultivation. Annual cultivation, on the
other hand, is dominated by low c-p valued nematodes with short generation times which are
often the rst responders after disturbance or an increase in food source (Ettema and Bongers,
1993). Accordingly, the c-p scale follows the r/K selection theory, with perennial cultivation
harbouring more K-strategists, while annual cultivation is dominated by r-strategists. The full

picture of the above mentioned assignments is then displayed in a c-p triangle (De Goede, 1993;
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Figure 3.1), indicating shifts in the dominance of certain groups and allowing concluding draw-
backs about the state of the ecosystem. Here, the e ect is mostly seen between the dominance
of either c-p 1 or c-p 3-5 nematodes. The occurrence of c-p 2 nematodes is oftentimes omitted,
as they occur in every food web and therefore do not indicate changes following perturbations
(Ferris et al., 2001).

Additionally, the proportions of certain feeding groups can be used to calculate nematode indices
(Table 1.4). The maturity index (MI) represents the measure of disturbance in an ecosystem and
uses the proportion of r- and K-strategists, or colonisers and persisters, respectively (Bongers,
1990; Bongers, 1999). In special cases it can also be of interest to look at the modi ed MI (Ml
2-5) for disturbances following soil pollutants like heavy metals (Korthals et al., 1996). However,
since this index is therefore not correlated to the nutrient enrichment in agricultural elds but
rather pollution-induced stress (Du Preez et al., 2022), it was omitted in the analysis for this

dissertation.

The distribution of bacterivorous and fungivorous nematodes is expressed in the channel index
(CD). An increased ClI indicates a preference for a fungal-decomposition channel, while a low ClI
indicates a bacterial-decomposition channel (Ferris et al., 2001). The decomposition channel is
generally more fungal dominated in perennial cropping systems (Neher and Lee Campbell, 1994),
possibly indicating improved nutrient retention and cycling in addition to a greater occurrence
of higher trophic leveled omnivores and predators (Kane et al., 2023; DuPont et al., 2010). The
proportion of bacterivorous and fungivorous nematodes is therefore an important indicator for
the state of the ecosystem in terms of nutrient retention, availability and cycling. Bacterivores
are more common in conventional monocultures than no-till systems and increase after recent
management practices like ploughing and mowing (Parmelee and Alston, 1986; Bliss et al., 2010).
That is because they rapidly respond to organic matter or nutrient input (Bongers, 1999; Dioh
Lobe et al., 2023) and correspond to r-strategists due to their short generation time (Bongers and
Bongers, 1998). Bacterivorous nematodes are also supported by higher soil nitrogen content (Nisa
et al., 2021), which explains their increased occurrence in intensively managed cropping systems,
such as annual wheat, since they use a lot of fertilisers. They could therefore be correlated with

soil fertility and microbial activity in the soil (Schmidt et al., 2020).
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Two indices that correlate with each other are the enrichment (EI) and structure index (Sl).
A high Sl indicates an undisturbed ecosystem with a mature food web and increased trophic
linkages, while the EIl uses enrichment indicators (c-p 1 nematodes), which correspond to the
availability of resources (Ferris, 2010; Ferris et al., 2001; Ferris et al., 2004). Both indices can be
used in a faunal pro le (Ferris et al., 2001; Ferris et al., 2004; Figure 3.4), where, depending on
the placement, the food web condition is characterised according to the degree of disturbance,
nutrient enrichment and the preference for either a bacterial or fungal decomposition channel.
Overall, using the faunal pro le, perennial crop cultivation is represented by a structured and
stable food web, while the food web in annual cropping systems is mostly degraded and dis-
turbed (Ferris et al., 2001). A high Sl indicates the occurrence of structure indicators, including
predatory nematodes that may perform top-down regulation on opportunistic guilds such as
plant parasitic nematodes, reducing the plant-parasitic index (PPI) (Ferris and Bongers, 2006;
Berkelmans et al., 2003). Accordingly, the SI may be used as an indicator for healthy soil, since
it implies a well-regulated ecosystem (Berkelmans et al., 2003) with high trophic connectance,
diversity and stability (Ferris et al., 2004; Glover et al., 2010). The increased PPI for perennial
cultivation can be explained by the no-till cultivation as cover cropping increases plant-feeder
density (Puissant et al., 2021). As the crop is still a monoculture (Baker, 2017), pests and para-
sites can easily persist in the soil and rhizosphere, requiring reliable plant parasitic management.
The occurrence of plant parasitic nematodes is especially high in old elds of perennial crops

(Schorpp and Schrader, 2017), possibly indicating the extensive root system.

Occurrence of certain groups alone does not always o er a detailed analysis of the state of
the ecosystem and the food web. Perennial crops, for example, often have a higher nematode
density than annual crops (Sohlenius et al., 1987), since perennial crop cultivation harbours
higher trophic groups with greater biomass (Bongers, 1990; Bongers and Bongers, 1998). The
metabolic footprint provides an insight of the magnitude of ecosystem functions and services,
including carbon utilisation, of the respective feeding groups by using a production (biomass)
and respiration (metabolic activity) component (Ferris, 2010), with high values indicating a
greater carbon channeling and a greater contribution to soil ecosystem functions and services
(Du Preez et al., 2022; Sdnchez-Moreno and Ferris, 2018). Consequently, the bacterial footprint
(enrichment footprint), for example, represents the carbon and energy input of this respective
feeding group channel into the soil food web, which could then be interpreted as higher quality

of recent application of labile organic matter (Ferris, 2010).
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1.3.3 The endophytic microbiome

Bacteria and fungi are present in all habitats in varying life forms with an estimation of 2:5x10%°
cells or 3.8 million species present on Earth, respectively (FAO et al., 2020; Hawksworth and
Licking, 2017). One gram of soil may therefore contain two hundred metres of fungal hyphae
and a billion bacterial cells, making soil the most biologically diverse habitat on Earth (FAO
et al., 2020). The microbiome encompasses the microbial community present in the ecosystem,
including bacteria, archaea, fungi, protists, metabolites, genetic elements and relic DNA (Berg
et al.,, 2020). A further distinction can be made regarding the location in the respective crop:
endophytes live inside the plant, while epiphytes live in the rhizosphere (Newman and Cragg,
2020). Especially the root endophytes are of relevance for sustainable agriculture as they form
symbiotic relationships with the host plant, improving the resistance against abiotic and biotic
stress as well as nutrient acquisition for plant growth (Garcia-Latorre et al., 2021). For example,
certain groups of bacteria, known as rhizobia (e.g.Rhizobium, Mesorhizobium), form nodules
at the roots that x atmospheric nitrogen (Graham and Vance, 2003). Arbuscular mycorrhizal
fungi, on the other hand, aid in nutrient cycling and enhance the adaptability of the host to

stressed environments (Alguacil et al., 2016).

Similarly to nematode analysis, the dominance of either bacteria or fungi in the ecosystem is
an important indicator about the state of the ecosystem. Labile organic matter such as easily
degradable carbon with a low C/N ratio is mainly correlated with the occurrence of bacteria,
while a dominance of fungi indicates more recalcitrant organic matter with a high C/N ratio
(Fabian et al., 2017; Hunt et al., 1987; De Vries et al., 2011). Therefore, it can be deduced that
fungal-based food webs retain more nutrients due to slower rates of nutrient cycling and turnover,
including nitrogen and carbon, than bacterial-based food webs (Six et al., 2006; De Vries and
Bardgett, 2012).

A healthy microbiome has high microbial diversity and a complex structure, contributing to
ecosystem multifunctionality and services (Delgado-Baquerizo et al., 2016). The intensi cation
of agriculture and domestication of crops results in lower microbial diversity and speci city,
including reduced symbiotic relationships with the microbiota and reduced connectivity (Berg
et al., 2023; Banerjee et al., 2019). That may make them more prone to extreme climate events
or nutrient de ciencies as they lack the symboitic relationships with the host plant, which may

usually make them resistant against abiotic and biotic stress (Garcia-Latorre et al., 2021).
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In contrast to domesticated plants, native plants are characterised by more structured micro-
bial communities (Hassani et al., 2020) which then may also correspond to a higher resistance.
Perennial cultivation is a more nature-based alternative to current conventional agriculture. It
eliminates soil disturbances, the excessive usage of chemical input (pesticides, herbicides) and
forms an extensive root system, which harbours a highly structured soil microbiota, thereby
increasing microbial biomass and activity (lutzi and Crews, 2020). The productive life span
of perennial crops is 3-10 years in which they increase organic carbon content or improve soil
microbial parameters like dehydrogenase activity and microbial carbon (Ruf et al., 2018; lutzi
and Crews, 2020; Gajda et al., 2020). Perennials likéiscanthus x gigantheuscan therefore also
help to reintegrate polluted soils back into agriculture through the promotion of microbial soil

regeneration (Bourgeois et al., 2015).

The extensive root system in perennial crops reaches deep into the soil and has a long residence
time in the soil, resulting in higher lignin content, as this substance is more resistant against
fast degradation (Ruiz-Duefias and Martinez, 2009; Prieto et al., 2015). The microbiome is
therefore oftentimes dominated by fungi as some genera are able to degrade the recalcitrant
lignin components (Dashtban et al., 2010). This is for example the case for IWG as it promotes
fungal biomass and diversity (Spurgeon et al., 2013; Taylor et al., 2022), but also higher microbial

biomass, including greater bacterial activity (Bertola et al., 2023; Li et al., 2025).

The deep root system of perennial crops follows a more “resource conservation strategy' as they
need to store nutrients for regrowth (Prieto et al., 2015; Ruf and Emmerling, 2022). This
increased storage capacity is also expressed in higher starch contents (Sco eld et al., 2009).
Resultantly, shallow rooting plants do not need these characteristics and therefore focus more
on nutrient acquisition (Prieto et al., 2015), as they store their nutrients in the kernels. It is
therefore especially interesting to compare the above- and belowground compartments of both
annual and perennial crops as they dier in substrate composition. This research would close
relevant knowledge gaps as a lot of studies focus mainly on the rhizosphere and rarely investigate
the microbiome of the entire crop (Briones, 2018). These insights would aid in the development

of a resistant microbiome for a resilient agriculture in the future.
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1.4 What are the chances of success for perennial crops?

The investigation of the potential economic bene ts of perennial crop production has been a
topic of discussion for years (Trivedi, 1987). It is crucial that the crop not only bene ts the soil
ecosystem, but also the farmer who needs to invest knowledge and, above all, nancial resources
into the cultivation. Here, nancial support from external sources would facilitate farmers'

decision-making.

In the United States of America, the Conservation Reserve Program (CRP) encourages farmers
to cultivate crops with increased soil cover on marginal lands to enhance soil biodiversity and
sustainability by o ering nancial aids in the form of annual rental payments (U.S. Department

of Agriculture, n.d.). Perennial crops that have been considered for the CRP are for example
Switchgrass, as it can be cultivated as a bioenergy crop on eroded land, or multiyear grasses
like alfalfa as it supports a more diverse and structured nematode community (Rinehart, 2006;
Burkhardt et al., 2019). However, there are some problems within the framework of the CRP
regarding the inclusion of perennial crops, since it prohibits harvesting during the CRP contract

(Scott et al., 2022).

For Germany, one support system in the past was CAP (Common Agricultural Policy), which
strives to support farmers in their goal to make agriculture sustainable and pro table through
their 'greening measures' (European Commission, n.d.; European Union, 2017). The measures
strive for crop diversi cation, maintenance of permanent grassland and ecological focus areas.
However, the assignment of the crops is not always transparent. Short rotation coppice, for
example, was considered as an ecological focus area wherdéiscanthus x giganteuswas not,
even though both crops in uence the soil ecosystem similarly with increased carbon storage
and improved biodiversity (Emmerling and Pude, 2017). In 2023, the 'greening measures' were
replaced by the GLOZ (‘guter landwirtschaftlicher und kologischer Zustand') (Bundesanstalt
fur Landwirtschaft und Ernahrung, 2025). It is divided into 9 standards, some of which, for
example, aim to promote biodiversity through cultivation on marginal lands or the maintanance
of an all year-round ground cover. Again, it is unclear if IWG will be considered as a candidate for
such programs in the future, as other perennial crops have already failed to meet the standards
in the past. For this reason, the establishment of a stable and reliable nancial support system
is crucial for farmers, as their decision-making is hampered by the fact that they cannot take

unnecessary risks with their crops, which would cost them their nancial stability.
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Farmers, especially pioneers and visionaries, are interested in investing in perennial cultivation,
as they see the potential to improve soil and environmental quality, especially on marginal land,
even with the risk of lower yield (Adebiyi et al., 2016). Having crops that are already pro table
on the market eases their decision making of cultivation. Perennial rice, for example, which is
developed by The Land Institute (The Land Institute, 2024), same as IWG, is already preferred
by farmers due to reduced labour and input costs (Zhang, Huang, et al., 2022). As the percentage
of those farmers grows and continues to show the bene ts of perennial cultivation, it could help
spread the word to the rest of the conventional farmers, encouraging them to try it as well.
Studies such as Adebiyi et al. (2016) or Ginot et al. (2024) interviewed interested farmers, asking
them about the potential uses of perennial cultivation. Their answers ranged from wanting to
promote biodiversity and nutrient cycling to taking advantage of marginal land through increased

resistance and perseverance of those nature-based crops.

One of the main factors that is currently critically discussed is the reduced yield under IWG
compared to annual wheat. Even though the yield increases during the rst two years of culti-
vation (Duchene et al., 2023), IWG still achieves only 1.3 t/ha compared to 8.1 t/ha for annual
wheat in the second year (Duchene et al., 2020). This low yield negatively impacts break-even
prices for IWG grain for farmers (Law et al., 2022). A closer look at the yield investigation is
summarised in Chapter 6. Here, subsidies, especially for the establishment phase, are crucial to
reduce the risks of cultivation for farmers (Lanker et al., 2020; McCarty and Sesmero, 2021).
An option is to have contractual agreements with companies that can then use the produced
perennial products (e.g. forage, energy, grain) to create a stable payment system for the farmers
(Wolfe and Wang, 2012). The missing market is especially of importance, as the pro tability
of a crop in uences the likelihood of the farmer to cultivate it (Lanker et al., 2020; Wolfe and
Wang, 2012). Once the market is secured, a possible extension of IWG cultivation in developing
countries with often unsuitable soil conditions due to the increasingly negative e ects of climate

change may help with food security (Paul et al., 2024).

Improvements in research and development, including economic nature, are therefore crucial.
The Land Institute publishes new milestones in annual reports to share with the public and
stakeholders. These reports include milestones regarding yield improvements but also commer-
cialisation opportunities and breakthroughs for perennial cultures, including perennial rice and
IWG, the rst one already being commercialised (The Land Institute, 2024). Improvements in

cultivation techniques are also critically discussed to enable the integration of IWG into today's
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agriculture (The Land Institute, 2023). Additional bene ts come from the development of food,

including cereals and beers, which The Land Institute is also currently investigating. An analysis
showed a 50% higher protein content and 129% higher bre content in IWG compared to whole
wheat our, in addition to other improved nutrients such as calcium and selenium, opening up
the possibility of using IWG as a valuable source of nutrition (Craine and DeHaan, 2024). This
high protein content may help meet future plant-based dietary needs (Paul et al., 2024), which

is in line with the current trend towards a more sustainable way of consuming food.

1.5 Thesis outline and research objectives

The preceding chapters established that although the e ect of perennial cultivation on the soll
ecosystem is investigated, the e ect of perennial grain, more speci cally IWG, is not yet the-
matised enough in research. The EU-Biodiversa-Project NAPERDIV ('Nature-based perennial
grain cropping as a model to safeguard functional biodiversity towards future-proof agriculture’)
investigated IWG in comparison to annual wheat along a climatic gradient with varying soil
parameters. The results obtained in the project should then be used to suggest transition-
ing the crop production in Europe from the current high intensity cultivation towards a more
nature-based and resilient solution for future agricultural systems. Additionally, functional agro-
biodiversity would be promoted due to the aforementioned bene ts of perennial cultivation on

soil biota.

For this dissertation, the endophytic microbiome (bacteria, fungi) along with above- and be-
lowground soil fauna (earthworms, nematodes) and soil parameters have been studied, across a
climatic gradient over three di erent study sites (southern France, Belgium and southern Swe-
den). The vertical distribution of soil nutrients and the nematode community structure were
analysed through soil cores (including top- and subsoil) to see early changes of the cropping
systems onto the community structure, especially since the root system is the most substantial
di erence between both cropping systems. Furthermore, the gradient across Europe helped to ex-
clude interactive e ects of climate and soil conditions on the e ects of IWG cultivation compared

to annual wheat. As the root system is the most distinct di erence between perennial and an-
nual crops, in addition to the soil biodiversity investigation, di erent plant compartments (roots,
stems, leaves, litter) were investigated by themselves and then tested with both macrofauna and

the endophytic microbiome for a potential preferences between the systems.
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This cumulative dissertation compiles eld and laboratory work over 4 years, compiled into 4
publications. The publications have been peer-reviewed in their respective scienti c journals
(Chapter 2 - Forster et al., 2023; Chapter 3 - Forster et al., 2024; Chapter 4 - Michl et al., 2025;
Chapter 5 - Forster et al., 2025) and are a copy of the nal version of the published articles,
unless otherwise stated. For the sake of consistency in this dissertation, the formatting of the
respective journals were removed. The publications are presented in Chapters 2 to 5, followed
by a synthesis in Chapter 6, in which the data is summarised and placed in the wider context of

the current state of science.

The research conducted within this cumulative dissertation thematises the following general

hypotheses:

Hypothesis I:  Perennial grain (IWG) will positively in uence soil biota community composition

and its functional diversity due to

v No-till cultivation
v The elimination of pesticide usage

v The formation of an all year-round surface cover

Hypothesis II:  The food web in IWG will be more connected and diverse compared to annual

wheat, especially in the subsoil, due to

v The extensive root system

v The improvement of soil functioning through increased nutrient retention

v More K-strategists (disturbance indicators) than r-strategists (opportunistic species)
Following these initial hypotheses, the structure of this dissertation follows the soil biota clas-
si cation scheme from Table 1.1 after Turbé (2010) and FAO et al. (2020) as a cross section
through the soil ecosystem to see e ects across three size classes with the chosen soil bioindi-

cators (macrofauna - earthworms; microfauna - nematodes; microbes - endophytic microbiome).

The objectives are compiled in Figure 1.2.
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In light of this, four research objectives with respective hypotheses were formulated.

Objective 1: Analysing earthworm population and diversity under annual and peren-
nial wheat in a North to South gradient with varying climatic and soil conditions in

Western Europe

Hypothesis 1la:The no-till management in IWG supports higher earthworm abundance and di-

versity through the elimination of disruption of their habitat

Hypothesis 1b: The increased soil coverage and thereby increased food source on the surface

promotes the earthworm community and species distribution

Hypothesis 1c: The more extensive root system in IWG improves nutrient and water retention

and therefore also soil functioning

Objective 1 and its respective hypotheses are presented in Chapter 2.

Objective 2: Using nematodes as sensitive bioindicators to identify the stability and

structure of the food web under IWG

Hypothesis 2a:Structure indicators (higher c-p valued nematodes) are supported in IWG com-
pared to annual wheat, mainly due to the reduced disturbance in management through the

exclusion of tillage

Hypothesis 2b:The preference for a more fungi-driven pathway in IWG relative to annual wheat

indicates stimulated nutrient cycling

Hypothesis 2c:Increased carbon utilisation through root feeding channels in the lower (25 35
cm) compared to the upper soil depth (5 15 cm) indicates a more profound perennial root

system

Objective 2 and its respective hypotheses are presented in Chapter 3.
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Objective 3: Comparison of above- and belowground material from IWG and annual

wheat and its e ect on the endophytic microbiome

Hypothesis 3a:IWG has a distinct bacterial composition and greater microbial diversity across

compartments in comparison to annual wheat
Hypothesis 3b:IWG has greater microbial diversity in comparison to annual wheat

Hypothesis 3c:The diversity in the root microbiome is in uenced by soil chemical and biological

characteristics

Hypothesis 3c:The root microbiome of IWG is less variable and more connected across time due

to reduced environmental disturbances

Objective 3 and its respective hypotheses are presented in Chapter 4.

Objective 4: Investigating the e ect of the di erent substrate compositions of litter
and root samples from IWG and annual wheat on the decomposition performed by

earthworms and endophytic microbes

Hypothesis 4a:IWG has a wider C/N ratio than annual wheat, which will negatively a ect the

decomposition rate of earthworms

Hypothesis 4b: The decomposition is driven by the interaction of earthworms and microbes,

resulting in a faster rate when both are present

Hypothesis 4c:The microbial community is in uenced by the substrate type with greater diver-
sity for IWG

Objective 4 and its respective hypotheses are presented in Chapter 5.
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Figure 1.2: Analysing the transition from annual (left) to perennial wheat (right) through the

usage of bioindicators - from macrofauna to the microbiome.
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2.1 Abstract

The challenge to sustain food security while halting the loss of biodiversity and soil quality might
be achieved by a transformation in agriculture from high-input management of annual crops
to a more nature-based solution introducing perennial cropping systems. This study analysed
earthworm communities (numbers, biomass, ecological categories) and diversity over two years,
from annual wheat and perennial intermediate wheatgrass (IWG, Thinopyrum intermedium,
Kernza® within the EU-Biodiversa project NAPERDIV from Southern to Northern Europe.
Study sites in France, Belgium and Sweden represented diverse soil, climatic and plant growth
conditions. In total, 16 species were identi ed with IWG in France having the highest (13)
and annual wheat in Belgium and Sweden the lowest (7) species numbers. Improved biodiversity
under perennial wheat was indicated by alpha-diversity indices (Simpson index, Shannon-Weaver
index, Evenness). Earthworm abundance and biomass were generally signi cantly higher in IWG
across the three sites (GLMM model). The overall mean earthworm number under IWG was 424.7
No. m 2 compared to 164.7 No.m ? for annual wheat. Mean earthworm biomass under IWG
was 83.7 g m? relative to 45.9 gm 2 under annual wheat, respectively. Remarkably, mean
number of juvenile earthworms was several times higher on IWG sites relative to the annual
comparatives. Moreover, endogeic and epigeic earthworms were supported on the IWG plots.
Beta diversity (Sorensen coe cient) emphasised highest similarity between Belgium and Sweden
and lowest between France and Sweden, indicating a possible South to North distribution within
Western Europe. The Canonical Correspondence Analysis showed discrete clusters for study sites
and species distribution (including the subtypes ofAllolobophora chlorotica) in relation to soil
parameters (pH, soil texture, TOC, TN, WHC, C N ratio). The CCA additionally discriminated
between annual and perennial plots in France. In summary, earthworm communities were more

diverse under IWG and seemed to follow a South to North gradient.

Keywords: Earthworms; Perennial intermediate wheatgrass (IWG); Diversity; CCA; GLMM,;

Geographical distribution
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2.2 Introduction

Looking at the current state of agriculture, two main challenges arise: maintaining food security
and halting the ongoing loss of biodiversity and soil fertility, both against the background of global
change. The Sustainable Development Goal 2 joins these challenges together into one main drive
towards a resilient and future-proof agriculture (Lal et al., 2018). Two factors are vital for that
implementation: a better inclusion and consideration of soil organisms and a transition from the

current high intensity crop management to a more sustainable one to protect soil health.

Soil organisms and soil processes which are governed by them are essential drivers of soil func-
tioning and for the implementation of nature-based solutions (Eisenhauer et al., 2021; Turbé,
2010). Earthworms, as one of the most vital ecosystem engineers (Lavelle et al., 1997), play a
signi cant role in the soil ecosystem, soil formation, nutrient turnover and litter transformation
(Blouin et al., 2013).

The reasons for di erent earthworm assemblages and abundances in soils are the change in the
physical and chemical characteristics of the soil, caused by the intensity of mechanical agricultural
practices and fertiliser use, respectively (Falco et al., 2015; Pelosi et al., 2014). According to
Bouché (Bouché, 1977), earthworms are divided into three ecological categories: anecic (deep
burrowing), endogeic (horizontal burrowing) and epigeic (litter inhabitants). Additionally, they

can be divided into more speci ¢ subcategories like for example epi-anecic (Bottinelli et al., 2020)

to better represent their vertical and lateral position in the soil.

As already indicated by a vast array of research activities, a shift from annual to perennial
cropping practices brings several bene ts to the ecosystem (Werling et al., 2014; Ryan et al., 2018)
and counteracts the negative aspects of the former by focusing more on improved environmental
conservation and sustainability (Rasche et al., 2017). It is therefore recommended to switch the
current high intensity agricultural management to a more nature-based alternative, such as the
use of perennial crops to improve soil functioning and support climate change mitigation. An
annual management system of maizedea mays and wheat (Triticum aestivum ) is characterised
by high yields through selective breeding (Harper, 1977), which bene ts food security but also
impacts the soil they are cultivated on: higher risk of erosion and nutrient loss, resulting in
potential water pollution, and increased greenhouse gas emissions are just some of the most
prominent downsides (Lokupitiya and Paustian, 2006; Mclsaac, 2003; O'Neal et al., 2005). This

could be improved by the cultivation of perennial crops (Vallebona et al., 2016; Cox et al., 2010;
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Ledo et al., 2018; Culman et al., 2013).

As previously described, nature-based solutions for arable crops are already in development. The
threat of food security however also requires the maintenance of the current food production,
while simultaneously reducing soil degradation. The implementation of perennial grain crops
0 ers an opportunity to extend this possibility for more sustainability to the food and cash crop
sector. The perennial intermediate wheatgrass (IWG, Thinopyrum intermedium ), commercial-
ized as Kernz& , originates from domestication developed by the Land Institute in Kansas. It
all started in 1983 when the Rodale Institute chose the intermediate wheatgrass as a potential
perennial grain candidate for dual use of grain and forage under low input conditions (The Land
Institute, 2025). After several cycles of domestication to enhance grain yield, potential for hu-
man or animal uses, and resistance to diseases and pests, IWG has been recognized and used
in the food sector in the US (The Land Institute, 2025). IWG tends to improve soil properties
by permanent cover and through a deep and active rooting system (Duchene et al., 2020). As
a result, the threat of erosion and nutrient runo was diminished (Ryan et al., 2018; Culman
et al., 2013; Baker, 2017). Additionally, the sequestered soil carbon in the roots helps mitigating
CO; emissions (lutzi and Crews, 2020). Besides, the subsoil accumulation of carbon stimulates
microbial activity (Audu, Ruf, et al., 2022), bene tting overall soil quality and health (Baker,
2017).

Perennial crops like Miscanthus have been already well understood and show great potential
through its CO, mitigation potential and higher microbial and faunal diversity (Emmerling and
Pude, 2017; Bourgeois et al., 2015). Besides, an increase in for example soil organic carbon,
especially in the subsoil was reported (Ruf and Emmerling, 2020; Audu, Rasche, et al., 2022).
Additionally, perennial crops support the soil fauna (below- and aboveground) (Werling et al.,
2014; Zahorec et al., 2022) by providing a greater food source and habitat due to the year-round
soil coverage (Crews et al., 2018). Earthworms are found in higher numbers under energy crops
like Szarvazi or under wild ower mixtures, due to their perennial nature and low disruption of
the soil (Emmerling, 2014). Miscanthus as well supports earthworm communities (McCalmont
et al., 2017; Emmerling et al., 2021), same holds true foBilphium perfoliatum (cup-plant), whose
cultivation increases earthworm abundance and diversity in comparison to maize (Schorpp and
Schrader, 2016) due to its higher resistance to environmental factors like droughts and frost (Peni
et al., 2020).
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However, the impact of IWG on soil fauna is less documented, since perennial systems are still
under development (Jungers et al., 2023). We hereby hypothesise that earthworms will be pro-
moted by IWG in comparison to annual grain crops, mainly due to the following characteristics:
1) no disruption of their habitat due to the no-till management, 2) consequently, an increased
soil coverage and thereby an increased food source on the surface, 3) the improvement of soil
functioning, e.g. through a more extensive root system to improve nutrient and water retention.
This eld study was part of an EU-Biodiversa-Project called NAPERDIV, whose objective is to
establish the base for novel eld management guidelines and techniques to improve the usage of
perennial grain crops. Within the project soil microbes (bacteria, fungi) and above- and below-
ground soil fauna have been studied by the project partners, among other focus areas, in three
di erent study sites (France, Belgium and Sweden) in order to analyse the e ect of perennial
cropping systems under di erent basic conditions (including climate and soil). This range of
framework conditions allows for a good transferability of our results onto other study sites. The
objective of this paper was to analyse di erences in earthworm communities and link them to
soil chemical and physical parameters, as well as to agro-climatic conditions and to show that
the bene cial aspects of IWG are una ected by changing soil or climate conditions, resulting in
great transferability of IWG across study sites. This management system (IWG) might become
an innovative grain management system in the future due to the bene ts explained above. To
our knowledge, this is the rst systematic investigation of earthworm communities in perennial
grain cultivation systems in a North to South gradient across Western Europe. Likewise, this
eld study was the rst to acknowledge the Allolobophora chlorotica subtypes related to soil

parameters.

2.3 Materials and methods

2.3.1 Study sites

In 2021 and 2022, sampling was conducted at three locations: Saint Marcel Bel Accueil (France),
Gembloux (Belgium) and Lénnstorp (Sweden) (Table 2.1). This created a large diversity of

agro-ecological conditions. Additionally, the sites cover a wide range of soil properties, includ-
ing physical (e.g. soil type and texture) as well as chemical (pH, organic carbon content, etc.)

parameters. At each site, IWG has been compared with annual wheat, with the latter having

27



Promotion of earthworm population and diversity under IWG

di erent years of establishments (Table 2.1). Detailed information about the mean annual pre-
cipitation and temperature as well as site speci c details like soil type or year of establishment
were provided by Meteorological Services (Climate Change Knowledge Portal, 2021) and the eld

owners (Table 2.1).

Within the NAPERDIV Project, each study site consisted of an annual wheat and perennial
intermediate wheat grass (IWG, Thinopyrum intermedium, Kernza® ) eld. All elds were part

of a nested sampling approach (NSA), which meant that all partners of the project within the
EU-Biodiversa consortium took their samples from the same soil at a pedon scale. The elds
had the following dimensions (length x width): France: 40 x 18 m, Sweden: 50 x 24 m and
Belgium: 7 x 2 m. For each country there were four discrete equal subareas (eld replicates)
for sampling for two succeeding years with 3 sampling campaigns. The detailed description of
the pseudo replicates within those eld replicates for soil and earthworm sampling can be taken

from section 2.3.2 and 2.3.3, respectively.

2.3.2 Sampling and analysis of soil properties

Soil samples were taken at each of the three sampling campaigns mentioned in section 2.3.1.
A split tube sampler (Royal Eijkelkamp, Giesbeek, Netherlands; length: 45 cm; diameter: 5.3
cm) was used for the soil cores. Each eld replicate consisted of 3 soil cores, resulting in 216
soil cores in total (3 countries x 3 sampling campaigns x 2 management systems x 4 discrete
eld replicates x 3 soil cores). To create a mixed sample, the three soil cores were then pooled
for each treatment. Additionally, each soil core was split into two depths: 515 cm and 25 35
cm. Within the NAPERDIV project, various groups of soil organisms, including bacteria, fungi,
nematodes, earthworms and spiders have been investigated. Since the entire consortium took
their soil samples from the same soil core, the upper 5 cm were used by another partner for the

analysis of soil microbes (bacteria, fungi).

Sieved (<2 mm) and air-dried soil was mixed with 0.01 M CaCl, and measured with a glass
electrode (pH3310, WTW GmbH, Weilheim, Germany) to obtain the soil pH. Amounts of total
carbon and nitrogen were measured after combustion at 1100C with an elemental analyser
(Vario EL Cube, Elementar GmbH, Langenselbold, Germany). The total organic carbon (TOC)
was deduced from the di erence of the total carbon (TC) and the inorganic carbon (IC) content,

the latter which was measured via carbonate destruction after the addition of phosphoric acid
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(IC Kit with Elemental Analyser EA3000 Series, HekaTech GmbH, Wegberg, Germany). The
C N ratio was calculated by the TOC divided by the total nitrogen content (TN). The values

of the maximum water holding capacity (WHC) correspond to the values of the eld capacity
at pF 1.8 derived from soil texture, bulk density and amounts of soil organic matter (SOM) in
accordance with the German manual of soil mapping (5th edition, KA5) (Ad-hoc-AG Boden,
2005). Additionally, soil coverage was calculated using the image processing program ImageJ
(Schneider et al., 2012) for the last sampling campaign in Autumn 2022 after harvest. For this,
an image of the soil surface (length x width; 60 x 60 cm) was imported into the program and
converted into binary to calculate the percentage of soil coverage (including litter and remaining

straw and stubble) from the known area of 3600cm?.

2.3.3 Earthworm sampling

The earthworms were sampled using a combination of hand-sorting the topsoil and AITC (allyl
isothiocyanate) extraction in autumn (October) 2021, spring (April) 2022 and autumn (Octo-
ber/November) 2022, according to the current version of DIN EN ISO 23611 (Deutsches Institut
fur Normung e.V., 2018). According to the limited size of NSA, two excavations of 50 x 50 x
20 cm (length x width x depth) were done for each eld replicate in Sweden and France. Due
to much smaller eld sizes in Belgium, only one excavation was done per eld replicate. The
earthworms were rst stored in Formaldehyde (3.7%) and then transferred into Ethanol (70%) in
the laboratory. To sample the deep-burrowing earthworms, the AITC solution was diluted in 10
L of tap water and then poured into the excavation hole. The hole was covered by a plastic bag
to block out sunlight and checked periodically for minimum 30 minutes. Earthworm abundance

and biomass were combined from the extractions and extrapolated onto a sampling area ofri?.

2.3.4 Earthworm identi cation

The keys of Gra (Gra, 1953), Sims and Gerard (Sims and Gerard, 1985) and Bouché (Bouché,
1972) were used for earthworm identi cation; the species names were then con rmed by Blake-
more (Blakemore, 2008). Additionally, an unpublished interactive earthworm identi cation key

by Mickaél Hedde [personal communication, October 11, 2022] was exclusively used for the iden-
ti cation of Aporrectodea giardi and Aporrectodea longa ripicola The identi ed individuals were

split into adults (with clitellum) and subadults ( rst signs of adulthood by either rst develop-
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ment of clitellum or tubercula pubertatis). Individuals with no indication of such were labelled

as juveniles. It is important to note that the endogeic speciesAporrectodea caliginosaalso con-
tains the speciesAporrectodea trapezoides since they have not been identi ed as two di erent
species or close relatives yet (Iglesias Briones et al., 2009; Fernandez et al., 2012). Finally, the
individuals were split into the three ecological categories after Bouché (Bouché, 1972) (epigeic,
anecic and endogeic) and then cross-referenced with Bottinelli et al. (Bottinelli et al., 2020), fur-
ther assigning them into subcategories (epi-anecic, endo-anecic and intermediate). Earthworms
without clear assignment by Bottinelli et al. (Bottinelli et al., 2020) were deduced from their

morphological characteristics.

2.3.5 Statistical methods

Statistical analysis was conducted using RStudio version 2023.3.0.386 (Posit team, 2023). A
generalised linear mixed model (GLMM) was used to evaluate the relationship between species
and environmental data using the package Ime4 (Bates et al., 2015). The random e ect was the
sampling campaign (date of sampling), while the cropping system and study site (country) were
considered xed e ects. They were tested against the references (the rst levels in the dataset),
with annual being set as a reference for the cropping system, while Gembloux (Belgium) was the
reference for the country data. The signi cance for the combined boxplots were taken from the
Wilcoxon rank sum test in the package stats (R Core Team, 2022). The combined boxplot was

produced using ggplot2 (Wickham, 2016).

The software PC-ORD 7 (McCune and Me ord, 2011) was chosen for the ordination analysis
(Canonical Correspondence Analysis) of earthworm species and study sites along environmental
gradients of soil properties, the latter were taken from Table 2.1. Species hames were abbreviated
with their genus and the rst three letters of the species name, followed by s for subadult or
j for juvenile, if applicable (e.g. A ros s = Aporrectodea roseasubadult). The sampling sites
were abbreviated according to the country, the management type, the month of the sampling

campaign and the corresponding number (e.g. FR A A 2 = France Annual, April, 2nd campaign).

The alpha diversity of the adult earthworms was calculated with the Simpson index, Shannon-
Weaver index and Evenness. The beta diversity is represented by the Sorensen Coe cient.

Furthermore, the relative frequency and abundance was calculated.
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2.4 Results

2.4.1 Earthworm abundance and biomass

Between three sampling campaigns across three countries over a span of two years, 16 earthworm
species were determined (Table 2.2). Some were present at all sites (e Ayporrectodea caliginosag),

while others preferred only selected habitats, e.gLumbricus castaneusin IWG (Table 2.3).

From the 16 species found in this study, earthworm abundance was signi cantly higher in IWG
compared to annual wheat with a mean abundance of 424.7 Nom 2 and 164.7 No. m 2,
respectively, including adults, subadults and juvenile individuals (Table Al). Earthworm biomass

followed the same trend, resulting in a 1.8-fold increase.

Adult earthworm abundance and biomass was highest on the IWG sites in Belgium and lowest in
annual wheat in France (Table 2.2). Figure 2.1 shows a combined boxplot for all the campaigns
with the mean abundance and biomass values, where IWG always achieved higher values than
annual wheat. The exception was the total biomass in Belgium, which did not follow this trend
due to the high occurrence of juveniles in uencing the spread. The IWG plots in Belgium showed
the highest ratio of 6.2:1 for the juvenile abundance and 1.2:1 for the biomass. In comparison,

the sites in France had ratios of 3.8:1 for juvenile abundance under IWG.

Additionally, the GLMM revealed that the perennial crop always showed signi cantly higher
earthworm abundance and biomass in comparison to the annual crop, except for the biomass
in France (Table A2). Signi cant di erences could be seen between the countries for the total

abundance and total biomass as well, except for total abundance in Sweden.
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2.4.2 Earthworm species diversity

The earthworm species diversity was higher under IWG than annual wheat. Combining the three

sites resulted in 10 species for the annual plots, while 15 species were found in IWG (Table 2.3).

Table 2.3: Relative frequency [%)] of earthworm species between the three study sites and their
relative abundance [%] in relation to the cropping system.

Species France Belgium Sweden Relative abundance
Annual Perennial Annual Perennial Annual Perennial Annual Perennial
Lumbricus terrestris 9.8 15.1 8.4 10.9 4.4 3.9 7.9 10.0
Lumbricus friendi 0.0 0.1 0.0 0.4 0.0 0.0 0.0 0.2
Lumbricus castaneus 0.0 0.4 0.0 4.9 0.0 4.7 0.0 3.6
Aporrectodea longa 0.8 15 2.6 25 30.8 30.4 8.8 10.6
Aporrectodea longa ripicola 0.0 0.5 0.0 0.0 0.0 0.0 0.0 0.2
Aporrectodea caliginosa 11.0 11.6 62.1 43.7 42.3 35.9 42.3 32.5
Aporrectodea nocturna 0.0 0.5 0.0 0.0 0.0 0.0 0.0 0.2
Aporrectodea rosea 0.0 2.5 7.4 5.6 14.6 14.5 6.9 7.4
Aporrectodea icterica 215 10.5 0.0 0.7 0.0 0.0 6.3 3.2
Aporrectodea giardi 3.1 0.7 0.0 0.0 0.0 0.0 0.9 0.2
Allolobophora chlorotica chlorotica 13.1 24.0 12.1 29.9 6.9 10.5 11.2 224
Allolobophora chlorotica postepheba  29.2 12.4 0.0 0.0 0.0 0.0 8.6 34
Allolobophora chlorotica waldensis 11.5 20.3 6.8 11 0.8 0.1 6.8 6.1
Allolobophora limicola 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.2
Allolobophora antipae 0.0 0.0 0.5 0.0 0.3 0.0 0.3 0.0
Helodrilus oculatus 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.04
Number of species 8 13 7 10 7 8 10 15

A. caliginosa was the most abundant species for both management systems with 42.3% for annual
wheat and 32.5% for IWG. Other species were less dominant, and frequencies di ered in annual

and perennial plots (Table 2.3).

Species that only appeared on perennial sites werk. friendi, L. castaneus A. longa ripicola,
A. nocturna and A. limicola. The rest of the species appeared in both cropping systems with
varying relative abundances (Table 2.3). Additionally, three species were country specic:A.
nocturna (France), A. limicola (Belgium) and H. oculatus (Sweden). All three subspecies oA.
chlorotica (A. chlorotica chlorotica, A. chlorotica waldensis A. chlorotica postepheba could only
be found in France. For each country, the species numbers were higher under IWG than under

annual wheat (Table 2.2).
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Figure 2.1: Median values of earthworm abundance [No.m 2] and biomass [gm 2] at the
three study sites, including adults, subadults and juveniles. All boxplots span the 0.25 and 0.75
quantile. Boxplot whiskers show the variability outside the upper and lower quantile. Testing

for signi cance was done using the Wilcoxon rank sum test (p = 0.004 **),
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Figure 2.2: Canonical Correspondence Analysis (CCA; Monte Carlo; p-value = 0.001***). A:
CCA showing the relationship between soil parameters (red arrows; WHC = water holding ca-
pacity, TOC = total organic carbon, C N rati = C N ratio, TN = total nitrogen) and study sites

(triangles). B: CCA showing the earthworm species (points) in relation to the soil parameters

(red arrows). Abbreviations are explained in chapter 2.3.5.
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Table 2.4: -diversity indices (Simpson index, Shannon-Weaver index, Evenness) and species
richness (number of earthworm species) at the three study sites at various sampling campaigns.
Simpson Index Shannon-Weaver Index Evenness [%] Species richness

France Annual

Autumn 21 4.87 1.69 86.85 7

Spring 22 5.54 1.81 87.03 8

Autumn 22 3.75 1.57 75.34 8
France Perennial

Autumn 21 5.37 1.87 81.20 10

Spring 22 5.84 1.87 85.22 9

Autumn 22 6.16 2.02 81.47 12
Belgium Annual

Autumn 21 2.47 1.21 67.59 6

Spring 22 1.85 0.89 64.00 4

Autumn 22 2.22 1.04 64.43 5
Belgium Perennial

Autumn 21 2.59 1.16 59.83 7

Spring 22 5.57 1.85 89.16 8

Autumn 22 2.89 1.33 68.27 7

Sweden Annual

Autumn 21 3.05 1.29 71.83 6

Spring 22 3.24 1.30 80.65 5

Autumn 22 3.88 1.54 85.90 6
Sweden Perennial

Autumn 21 3.46 1.42 79.00 6

Spring 22 4.03 1.54 86.01 6

Autumn 22 3.96 1.55 74.72 8

The Canonical Correspondence Analysis (CCA) o ers the possibility of distributing earthworm
species and study sites along environmental variables (Fig 2.2). Concerning the distribution of the
study sites, four clusters were separated. The Swedish sites, with the lowest pH, and the French
IWG sites, with the highest pH values, are separated along axis 1. The same correlation can be
seen with the WHC. However, there was no visible distinction by CCA between the perennial
and annual treatments for the three countries, except for France. The annual plots showed the
highest mean values of C N ratio, TN and TOC, therefore being located at the bottom left

of the CCA. Since the Belgian sites had the lowest mean values, they are on opposite ends of
the France Annual plot. Looking at the species distribution, the clusters correlate with their
occurrence at the di erent sites. For example,H. oculatus and A. longa subadult are located at
the far right of the chart, same as the Swedish sites, since those species are only or mostly present
there. A similar pattern was seen forA. limicola subadult and L. friendi, which correlate with
the Belgium sites. Interestingly, the three subspecies oA. chlorotica are all located di erently

on the CCA (see rectangle shapes). They seem to follow the TOC and TN gradient fronA.
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chloratica chlorotica starting from the centre, followed by A. chlorotica waldensis and lastly A.
chlorotica postepheba It could therefore be hypothesised that the latter prefers sites, which are
richer in carbon and nitrogen. The latter also correlates with the France annual sites most, same
as A. giardi (see pentagon shape) andh. icterica. Soil coverage was not added into the CCA,
since it had only been measured once at the last sampling campaign. The values can be taken

from Table 2.1. In all cases, IWG had higher soil coverage than annual wheat.

The di erentiation of the ecological categories of earthworms revealed an increase in their abun-
dance on the perennial treatments. Endogeic species were supported by perennial cropping since
their abundance increased by 0.8 in comparison to annual cropping system and nearly doubled
when taking endo-anecic species into account as well (Table 2.2). Notably, epigeic species were

only present in perennial treatments.

The Simpson index, Shannon-Weaver index and Evenness were chosen for thaliversity (Table
2.4). The highest diversity was found in the autumn 2022 campaign for France IWG with a
Simpson index of 6.16, a Shannon-Weaver index of 2.02 and a species number of 12. The highest
Evenness was found in the spring 2022 campaign for Belgium IWG with 89.16%, indicating that
the species are evenly represented within the community. Overall, diversity was higher for IWG,

but there was no clear di erence between the spring and autumn campaigns.

For -diversity, the Sorensen's coe cient showed the highest similarity between Belgium and
Sweden and the least between Sweden and France (0.80 and 0.64, respectively) (Table 2.5). This
might indicate a South to North gradient. Split up into the management systems, the coe cients
showed the highest similarity between the annual Belgium sites and the annual Sweden sites with
a value of 1, showing total similarity. The least similar sites were the IWG France sites compared

to the annual Belgium sites and to the annual Sweden sites.

Table 2.5: -diversity (Sorensen coe cient). |: Sorensen coe cient for the study sites and
cropping systems (FR = France, BE = Belgium, SW = Sweden; A = annual, P = perennial).
Il: Sorensen coe cient for the three countries.

| FR A FR P BE A BE P SW A 1 France Belgium
FR P 0.76 1 - - - Belgium 0.75 1

BE A 0.67 0.60 1 - - Sweden 0.64 0.80
BE P 0.67 0.78 0.71 1 -

SW A 0.67 0.60 1.00 0.71 1

SW P 0.63 0.67 0.80 0.78 0.80
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2.5 Discussion

Recently, the goal is to double agricultural productivity by 2030 through the implementation

of sustainable agriculture approaches, according to the Sustainable Development Goal 2 (Lal
et al., 2018). This should also result in an enhancement of biodiversity through the reduction of
destructive agricultural practices. Evidence shows that a switch from the current high intensity
agricultural management to a more nature-based alternative may support soil organisms, includ-
ing earthworms, thus soil health and soil functioning (Lavelle, 1988), by creating a healthy and
sustainable habitat due to the absence of tillage and an increase in soil coverage (Rasche et al.,

2017), among other factors.

2.5.1 Perennial cropping systems promote earthworm communities

Emmerling et al. (2021) found twice as high earthworm abundance values under perennial crops,
including cup plant and tall wheatgrass, compared with annual crops. This correlation was even
higher for our data with an increase of 2.6 (Table 2.2). Other studies analysed the bene cial ef-
fects of Miscanthus speci cally on contaminated soil and its biodiversity and found improvements
as well (Bourgeois et al., 2015; Hedde et al., 2013), displaying the potential of using perennial
crops on marginal lands in order to stimulate productivity on elds whose soil type or topogra-
phy may limit annual crop cultivation (Jungers et al., 2023). Grasslands, with their permanent
cultivation are oftentimes pioneers in biodiversity (Werling et al., 2014; Didden, 2001) and may
promote earthworm abundance and diversity (Kanianska et al., 2016) with species liké\. longa,
A. caliginosa and L. terrestris being most abundant (Boag et al., 1997), similar to our data
(Table 2.3). It is hypothesised that IWG, being similar to grasslands, may lead to an increase in
biodiversity compared to annual wheat. Bene ts for arthropod and fungal communities, as well
as for earthworms, were related to the increase in the litter layer, among other factors (Schrama
et al.,, 2016; Vanbeveren and Ceulemans, 2019). Additionally, it supports soil fauna, including
earthworms (Schrama et al., 2016). Lastly, perennial grains like IWG have a potential productive
life span of 3 10 years (lutzi and Crews, 2020), with the second year being the most pro table
(Culman et al., 2013; Duchene et al., 2019). The deeper and denser root system xes and stores
nutrients (Ryan et al., 2018; Culman et al., 2013; Baker, 2017) and indirectly promotes microbial
and fungal communities through a shift in root litter (Duchene et al., 2020; Audu, Ruf, et al.,

2022). The e ect of IWG on soil fauna, more speci cally earthworms, is not well investigated
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yet.

For our data, abundance and biomass of earthworms were less in annual wheat (Table 2.2) due to
soil tillage (ploughing), which may impact soil organic matter content and endanger earthworms
by exposing them to predators and UV-radiation (e.g. Boag et al., 1997; Smith et al., 2008;
Jill Clapperton et al., 1997). To analyse the reproduction rate of the earthworms, the ratio of
juveniles to adults was calculated. It displayed higher ratios for IWG with the plots in Belgium
having the largest ratio (6.2:1). Schmidt et al., 2001 found an increased juvenile to adult ratio
on elds with higher soil coverage, which was also true in our study as IWG had increased soil
coverage compared to annual wheat (Table 2.1). This is likely due to the increase in food source
(Ryan et al., 2018; Duchene et al., 2019) and decrease in destructive management practices, one
of the most destructive being tillage (e.g. Briones and Schmidt, 2017), which leads to higher

reproduction rates for the earthworms (Kuntz et al., 2013).

2.5.2 Signi cance of the cropping systems

The CCA distributes species and study sites along soil properties in the three study sites (Fig.
2.2). Earthworm abundance and biomass were signi cantly di erent between the cropping sys-
tems for all countries according to the GLMM (Table A2). Additionally, the CCA did not reveal

a signi cant impact of soil properties on earthworm population between the cropping systems,
except for France. This indicates that the di erences primarily stem from the cropping system
itself and not from the soil parameters. The low coe cient of determination of the earthworm
biomass model in France (Table A2) further elaborates on this assumption, since a low coe cient
could mean that other unknown (environmental) factors are more in uential than the cropping
systems, possibly referring to e ects of historical land-use. For France, the annual sites had
increased soil properties relative to IWG, especially regarding TOC (Table 2.1), which is why
they are di erentiated in the CCA (Fig. 2.2A). Additionally, there was no distinction between

the sampling campaigns (Autumn or Spring).

2.5.3 Earthworm species diversity along environmental parameters

Each ecological category gets in uenced di erently by agricultural management practices, as

pointed out by several studies. Epigeic species, like. castaneus are most exposed to land use
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change and harmful management practices (like tillage and herbicide application), since they live
at the soil surface, which may explain their absence in our annual elds (e.g. Kanianska et al.,
2016; Briones and Schmidt, 2017), as those sites had lower soil coverage percentages than the
IWG sites (Table 2.1). Endogeic species are often the dominant ecological category in arable
land (Palm et al., 2013), since they live within the soil where they are mostly protected and
therefore more resistant to disturbance in the environment, as for example in the case dA.
caliginosa (Lapied et al., 2009). Emmerling et al. (2021) and Kanianska et al. (2016) found
higher abundances of endogeic species under perennial energy crops and grassland, probably due
to an increase in SOM, con rming the hypothesis that IWG supports endogeic species, as found
in our eld study (Table 2.2) due to its similarity to grassland, which also promotes endogeic
species (Butt et al., 2022). Reasons for that include the more extensive root system of IWG
(Duchene et al., 2019), which creates a better food source for endogeic earthworms since they
feed on organic matter in the rhizosphere (e.g. Medina-Sauza et al., 2019; Eisenhauer et al.,
2009). Furthermore, anecic species, liké. terrestris, are adversely a ected by annual cropping
systems, since tillage decreases litter (their food source) and destroys their burrows (Lapied et
al., 2009), leading to lower numbers in annual or intensively managed sites (Kanianska et al.,
2016; Smith et al., 2008) (Table 2.2).

The soil parameters in the CCA di erentiated between earthworm species, especially concerning
A. chlorotica and its subtypes (Fig. 2.2B). WHC correlated with earthworm species likeL. ter-
restris and A. chlorotica chlorotica, similar to the ndings from Hallam and Hodson (2020) due
to their burrows holding onto more water. The plots in France and the IWG plot in Belgium had
the highest WHC. This could explain why the annual plots in France, despite being an annual
wheat eld with high disturbance, have comparable values to the IWG plots in terms of species
diversity, since earthworm diversity is positively correlated with soil moisture (Kanianska et al.,
2016). To our knowledge, there is no indication in literature, how the subtypes ofA. chlorotica
depend on soil properties, resulting in di erent distributions in the CCA (Fig. 2.2B). Morpho-
logically, A. chlorotica chlorotica can be distinguished by its green or red colour in comparison
to the other two subtypes A. chlorotica postephebaand A. chlorotica waldensis This could lead
to the assumption that it is more endo-epigeic compared to the other two subtypes and therefore
may prefer perennial cropping systems (Table 2.3) due to an increased litter layer and abundance
of soil organic matter (Lapied et al., 2009). A. chlorotica postephebaand A. chlorotica waldensis

are more greyish in colour, meaning they are not as protected from the UV radiations on the
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surface asA. chlorotica chlorotica. This could be why they are not as frequent in IWG (Table
2.3). The subtypes follow the TOC and C N ratio gradient (Fig. 2.2B), with A. chlorotica
postephebapreferring soils with higher values. Additionally, it had a more extreme distinction
in abundance between annual and perennial cropping systems (Table 2.3). Since there is no
indication about preferences for the subtypes ofA. chlorotica in literature, it is hypothesised

that it may be related to their carbon allocation in the burrows (Don, 2007).

A. caliginosa appeared as the most dominant species (Table 2.3), which coincides with literature
(e.g. Emmerling et al., 2021; Kanianska et al., 2016; Smith et al., 2008). The usage of mineral
fertilisers and other adverse agricultural practices is not as damaging to the species in contrast
to most other species, opening up its habitat to most land use types (Lapied et al., 2009),
including arable land and pastures (Blakemore, 2002). Additionally, its abundance had a positive
correlation with an increase in disturbance in the environment, since it can escape into its burrows
(Falco et al., 2015; Lischer et al., 2014), which explains the higher relative abundance for annual
compared to IWG cropping. A. longa and A. caliginosa had the lowest relative frequency in
the annual wheat plots in France due to the high nitrogen content at those sites, since there is
only a narrow optimum for these species, meaning their abundance is less under extreme (low or
high) nitrogen concentrations (Hodson et al., 2021).A. limicola was exclusively present in IWG
due to its preference for grasslands (Gra, 1953).L. friendi is often found under no-till crops,
mostly in France and Spain (Cszudi and Szlavecz, 2003), hence its only appearance on the France
IWG plots. A. giardi was only present in France, preferably under annual wheat, which could
correlate to the higher soil compaction under these cropping systems, since Capowiez et al. (2009)
found signi cant higher numbers of this earthworm species under compacted soilA. nocturna is
often absent in agricultural elds (Boag et al., 1997), which could be the reason why it was only
present in IWG plots. The abundance ofA. longa was highest in Sweden, while these plots had
the lowest abundance ofL. terrestris (Table 2.3). Reasons could be a potential competitive e ect
between the two species (Butt, 1998; Edwards and Lofty, 1982) due to their similar habitat, since
they are both deep-burrowing species (Bouché, 1972), which is probably why the abundance of
L. terrestris was highest in France, whereéA. longa was not as abundant. Additionally, the study
from Edwards and Lofty (1982) analysed a competition betweerA. chlorotica and A. caliginosa,
again due to their similar habitats, which could be partially seen in our data as well, since their
abundances weakly negatively correlate (Table 2.3).A. longa ripicola was exclusively found in

IWG in France. It is a rare species that prefers moist soils (Bouché, 1972). Since the WHC does
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not di erentiate between our sites (Table 2.1), it remains unclear if the one occurrence on IWG

in France is due to its soil properties or just shows the rarity of this species.

Within the scope of this study, we found more species in IWG than annual cropping systems
with 8 13 species in the rst and 7 8 in the latter (Table 2.2). The di erence in species humbers
for Sweden was not as prominent (7 species in annual wheat; 8 species in IWG) compared to the
other countries (e.g. France with 8 species in annual wheat and 13 species in IWG) (Table 2.2),
which could be due to their small di erence in soil coverage between the cropping systems as
compared to France (Table 2.1). The number of earthworm species is referred to be promoted by
perennial crops, like for example bioenergy crops, including Miscanthus and cup plantSilphium
perfoliatum) (e.g. Vanbeveren and Ceulemans, 2019; Chauvat et al., 2014). Cultivation of
cup plant is de ned by an increase in litter, which may promote abundance and diversity of
earthworms up to 6-fold (Burmeister and Walter, 2016), despite having a higher C N ratio than
for example maize (Wohl et al., 2023). The cultivation aspects of no-till and increased surface

cover seem to overrule these limitations.

Alpha-diversity (Simpson and Shannon-Weaver) and species richness increased under IWG and
was lowest under annual wheat (Emmerling et al., 2021; Smith et al., 2008; Singh et al., 2016)
(Table 2.4), meaning it decreased with increasing intensity in management of the agricultural
system (Falco et al., 2015). The trend for Evenness was not as clear, but in general, higher values
were achieved under IWG as well, which leads to the assumption that these cropping systems
create a balanced and more enriched earthworm community structure. Singh et al. (2021) found
lower diversity in June in comparison to October due to the change in soil moisture. This trend
was partly visible in our data (Table 2.4) with the highest alpha-diversity (excluding Evenness)
found in the autumn 2022 campaign on the IWG plots in France and the lowest in annual wheat
in Belgium for the spring 2022 campaign. The beta-diversity showed a possible North to South
gradient with Belgium and Sweden being most and Sweden and France least similar (Table 2.5)

due to their geographical proximity within Europe.

2.6 Conclusion

This eld study revealed that earthworms are supported under perennial wheat cropping systems,

due to a more nature-based land-use management, excluding excessive use of tillage, disruption
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of their habitat and pesticides. Especially epigeic and endogeic species were promoted. IWG
creates a better habitat for earthworms due to its more excessive root growth and an increased
food source, for example. This leads to a more species-rich community with representatives of
all ecological categories (epigeic, epi-anecic, endo-anecic, endogeic and intermediate). Addition-
ally, earthworms had a higher reproduction rate under IWG, compared to annual wheat. As
expected, a gradient from South to North for Western Europe became apparent, from 13 species
in France to 7 8 in Belgium and Sweden. To our knowledge this was the rst comprehensive
study to acknowledge the distribution of A. chlorotica subtypes along selected soil parameters,
especially TOC and TN. Since earthworm abundance and biomass were higher under IWG than
annual wheat for all the study sites, it means that di erences in soil and climate conditions do
not interfere with the bene cial e ects of IWG. This shows the great transferability of our study
onto other study sites, possibly even to establish perennial crops on marginal lands as prospective
research to create a future-proof alternative to the current high intensity agricultural manage-
ment. These factors lead us to believe that IWG may become an innovative grain management
system in the future, promoting soil health and functioning, which is the major driver for a more

resilient agriculture in the future.
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3.1 Abstract

Conventional agricultural land-use may negatively impact biodiversity and the environment due

to the increased disturbances to the soil ecosystem by tillage, for example. Cultivation of the
perennial grain intermediate wheatgrass Thinopyrum intermedium, IWG, Kernza® ) is a nature-
based solution for sustainable agriculture, improving nutrient retention mainly through its ex-
tensive root system. Nematodes serve as sensitive bioindicators, detecting early changes in the

soil food web, re ecting in changes in their community structure.

IWG and annual wheat sites in South France, Belgium and South Sweden were investigated in
April 2022 for two depths (5 15 cm; 25 35 cm) to evaluate the di erence in nematode community

structure among the cropping systems.

Sites with IWG cultivation held an accumulation of structure indicators (c-p 35 nematodes)
compared to sites with annual wheat cultivation. A generalised linear mixed model revealed
signi cantly more root feeders, especially for the subsoil, under IWG as a result of the perennial
cultivation. The maturity index, plant-parasitic index, channel index and structure index were
greater for IWG sites. The enrichment index was greater for annual wheat sites due to the dom-
inance of bacterivores and enrichment indicators (c-p 1 nematodes). The nematode community
structure (weighted faunal pro le analysis) indicates IWG sites as being a generally undisturbed
system with e cient nutrient cycling and balanced distribution of feeding types, as well as higher
metabolic footprint values for root feeders (including plant-parasitic nematodes) and fungivores.
Annual wheat sites, on the other hand, held indicators of a disturbed system with increased
occurrence of opportunistic species and a more bacterial driven pathway. The topsoil had an

increased occurrence of structure indicators in both cropping systems.

IWG creates favourable conditions for a diverse food web, including improved nutrient cycling
and a heterogeneous resource environment, regardless of climatic conditions, establishing it as a

stable and resilient agricultural management system.

Keywords: nematode indices, nematodes, perennial intermediate wheatgrass, resilient agricul-

ture, vertical distribution
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3.2 Introduction

Agricultural crops have been domesticated and bred to produce su cient yield in monocultures to
meet demand. Since the focus has been more on the increase of yield and less on the crops' natural
tolerances to stress (Zhang et al., 2023), this has made them prone to diseases or disturbances in
their environment, compared to their wild species counterparts. However, in an idea situation, the
permanent ground cover and the extensive root system of perennial crops would also contribute
to improving soil biological properties (DuPont et al., 2014). There is evidence that certain
perennial crops, like bioenergy crops, can be grown on marginal land, which includes unfavourable
soil textures like sandy soils or those which are prone to drought, and thereby improve soil quality
(Blanco-Canqui, 2016). For example, the cup plant Silphium perfoliatum), a perennial energy
crop, may create a more structured and complex food web, as well as improved soil characteristics
like higher soil moisture and nitrogen content (Schorpp and Schrader, 2017). Another promising
perennial grain is intermediate wheatgrass Thinopyrum intermedium, hereafter referred to as
IWG). It is commercialised as Kernze® and domesticated by the Land Institute in Kansas,
United States, since 1983 (The Land Institute, 2025). Due to its deeper and denser root system,
IWG has a higher water-use e ciency and carbon uptake when compared to the more traditional
annual wheat crop (De Oliveira et al., 2020). Additionally, there is no herbicide or pesticide usage
(Peters et al., 2022). All these bene ts of perennial crops aid their capability of maintaining
productivity with lower inputs as compared to conventional cropping systems (DuPont et al.,

2014).

The assessment of the e ect of IWG on improved soil health is largely unstudied, however,
some benets have already been shown for microbes (Audu, Ruf, et al., 2022; Michl et al.,
2023), and earthworms (Forster et al., 2023). IWG cultivation supported greater earthworm
diversity and the abundance of epigeic species (e.gLumbricus castaneug, mostly due to the
elimination of disturbance in the ecosystem and the increased surface coverage (Forster et al.,
2023). In the present study, we investigated the response of soil nematodes as reliable indicators
on IWG cultivation due to their rapid and sensitive reaction to changes in the soil ecosystem,
including management and tillage practices (Overstreet et al., 2010). Nematode communities
hold all feeding types except primary producers, with the main trophic groups being bacterivores,
fungivores, root feeders, omnivores and predators (Yeates et al., 1993). Within a nematode

community, bacterivores, as well as fungivores are often the most dominant trophic group (e.g.,
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Freckman and Ettema, 1993; Laasli et al., 2022). Alongside plant parasitic nematodes (Freckman
and Ettema, 1993). Predators and omnivores are less abundant (e.g., Briar et al., 2012; Laasli
et al., 2022; Overstreet et al., 2010) but the rst often has signi cantly higher densities in low-
input systems (Freckman and Ettema, 1993). Additionally, the taxa are assigned to c-p values,
corresponding to their r and k characteristics (Bongers, 1990; Bongers and Bongers, 1998).
Accordingly, c-p 1 nematodes include r-strategists with short generation times, whereas c-p 5
nematodes are associated with K-strategists with the longest generation time and high sensitivity
to environmental changes (Ferris et al., 2001). Furthermore, the metabolic footprint for the
feeding types (Ferris, 2010) describes the in uence of nematodes on carbon utilisation, among
other. The analysis of the metabolic footprint is vital to understand the e ect of nematodes onto
the carbon and resource ow in an ecosystem (Ferris, 2010). A higher herbivore (from here on
referred to as root feeders) footprint, for example, is common in organic grasslands and shows

the preference of resource ow through root feeding channels.

Generally, an increase in intensity of agricultural management practices, and with that an accom-
panying increased usage of mineral fertilisers (including nitrogen, phosphorus and potassium),
a ect nematode population structure, especially bacterivores like Rhabditidae, in accordance
with habitat quality (Gruzdeva et al., 2007). Conventional cropping systems are therefore char-
acterised by a dominance of c-p 1 bacterivores, also known as enrichment opportunists (Briar et
al., 2012). Organic or low-input cropping systems often contain higher densities of root feeders,
fungivores and omnivores (Schorpp and Schrader, 2017). These systems create a more structured
and mature food web with increased trophic linkages, resulting in a higher structure index (Sl), as
well as a dominance of nematodes with higher c-p values, which is represented in higher maturity
indices (MI) (Briar et al., 2012). As a result, the enrichment index (EI), which is the direct re-
sponse of primary decomposers and opportunistic nematodes, such as bacteria and fungi, is lower
in low-input systems, as this index is linked to the availability and cycling of nitrogen (DuPont

et al., 2014). Additionally, the decomposition pathway may switch from bacterial to fungal,
represented in a higher channel index (CI), following a transition to IWG as a result of low input
and heterogeneous resources due to the increased build-up and conservation of nutrients (Bard-
gett and Cook, 1998). However, perennial crops are still a monocultivation (Baker, 2017) and
thus may host high abundances of root-feeding nematodes like Pratylenchus, a common plant
parasitic nematode, due to the absence of tillage and increased surface cover (Schmidt et al.,

2017). This, among other things, results in an increased plant parasitic index. Ploughing, on the
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other hand, destroys their host plants and therefore reduces their population (Overstreet et al.,
2010). Plant-parasitic nematodes are a subgroup of herbivores (Yeates et al., 1993) including
endo-, ecto- and sedentary parasites. As the nematodes in our soil samples feed on roots, instead
of phloem or something similar, we summarised them as ‘root feeders' instead of herbivores, as
previously mentioned. Reduced tillage may result in greater abundances of bacterivores, fungi-
vores and root feeders, including plant parasitic nematodes, as well as a greater number of taxa
and diversity (Freckman and Ettema, 1993). As IWG improves soil conditions also for lower
depths (Audu, Ruf, et al., 2022), the vertical distribution aspect of this research article was used

to investigate these bene cial aspects through the usage of nematodes as bioindicators.

The present study was part of the EU-Biodiversa-Project NAPERDIV, where the implementation
of perennial grain crops was investigated along a climatic gradient with varying soil parameters.
The study sites were situated in Europe with sampling sites in Southern France, Belgium and
Southern Sweden to exclude that the e ects of the cultivation of IWG were in uenced by climate
and soil conditions. The investigation of the top- (5 15 cm) and subsoil (25 35 cm) examines
the vertical distribution of nematode communities and their structure and how they indicate

changes as an e ect of the usage of the two cropping systems of annual wheat and IWG.

We hypothesised that nematode community structure will di er in IWG and annual wheat along
the following trends: (1) higher occurrence of structure indicators (higher c-p valued nematodes)
in IWG compared to annual wheat, mainly due to the reduced disturbance in management
through the exclusion of tillage, (2) a more fungi-driven pathway in IWG relative to annual
wheat and with that stimulated nutrient cycling and (3) increased carbon utilisation through
root feeding channels in the lower (25 35 cm) compared to the upper soil depth (515 cm)

indicating a more profound perennial root system.

3.3 Materials and methods

3.3.1 Study sites

Sampling was conducted in April 2022 at three locations: Saint Marcel Bel Accueil (Southern
France), Gembloux (Belgium) and Lénnstorp (Southern Sweden), representing a wide variety of

diverse agroecological and soil conditions, including both soil physical (e.g., soil texture, bulk
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density) and soil chemical parameters (e.g., pH) (Table 3.1). Additionally, the fertiliser and
pesticide usage were noted for each site. Those details, as well as additional information about
the climate conditions were provided by the eld research partners and Meteorological Service
(Climate Change Knowledge Portal, 2021), respectively. The study sites in Southern France were
farmer elds, which are operated in close cooperation with a research institute (AGROPOLE-
ISARA Lyon). The study sites in Belgium and Southern Sweden were experimental elds from
Gembloux Agro-Bio Tech (Université de Liege) and the Swedish Infrastructure for Ecosystem Sci-
ence (SITES), respectively. All the eld owners are experienced with perennial grain cultivation
and the eld sites had been established 3 5 years before this study. Perennial IWGThinopyrum
intermedium, Kernza® ) sites with varying years of establishments were compared with annual
wheat sites at each location. The elds had the following dimensions (length® width): France:
40 O 18m, Sweden: 50 24m and Belgium: 70 2m. A nested sampling approach was used to
ensure that all members of the NAPERDIV consortium took their samples (including bacteria,

fungi, earthworms and nematodes) within the same parts of the elds.

3.3.2 Soil sampling and analysis

Each study site had four discrete equal subareas ( eld replicates) for IWG and annual wheat,
of which three were selected to study soil nematodes and corresponding soil parameters. Three
soil cores were taken on each eld replicate and then pooled to create one mixed soil sample
per eld replicate. In total, 36 soil samples (3 countries O 2 management systemg) 2 depths

O 3 eld replicates) were taken with a split tube sampler (Royal Eijkelkamp; length: 45 cm;
diameter: 5.3 cm). In agreement with the other members of the NAPERDIV consortium, two
depths were investigated: 515 cm (topsoil; hereafter depth 1) and 25 35 cm (subsoil; hereafter
depth I1). Tillage depth varied according to regional farming conditions and o ered a possibility

to investigate the e ect of the denser root system of IWG in an undisturbed soil (depth I1) as
indicated by the nematode community analysis. The soil samples were kept cool on the eld and

then transferred to the lab as quickly as possible for nematode extraction and further analysis.

For each soil sample, a weighed extract of fresh soil was heated at 1@ for 24 h to calculate
the bulk density. In parallel, sieved (<2 mm) and air-dried soil was mixed with 0.01M CacCl,
and measured with a glass electrode (pH3310; WTW GmbH) for soil pH analysis. Soil coverage

values were taken from Forster et al. (2023) since the investigated eld sites were identical.
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3.3.3 Nematode extraction and identi cation

Nematodes were extracted within a week of sampling using a modi ed Baermann method. For
this, a funnel with a sieve was closed o and lled with water. A soil sample (30 g) was taken
out of the mixed sample created on the eld. Before this sample was extracted, the soil of the
mixed sample was homogenised to the extent possible. The extracted sample was then placed on
a milk lter, which in turn was placed on top of the sieve, allowing the water to in Itrate into the

soil samples. The sample was then left untouched for 72 h, during which the nematodes actively
left the soil sample downwards into the water and sank to the bottom of the funnel. Afterward,
the water was released from the funnel, and the nematodes were killed using boiling tap water
in 1:1 ratio, xed with triethanolamine formalin solution (14.1mL 37% formaldehyde + 1.5 mL
concentrated triethanolamine + 84.4mL distilled water) and then stored in a fridge (6 8 °C) until
further analysis. Nematodes were counted for each sample using an inverse microscope (Leica
DM) under ©400 magni cation, and then 100 specimens per sample were identi ed to at least
genus level (except for six families: Belondiridae, Dorylaimidae, Trypilidae, Diplogasteridae,
Dolichodoridae, Hoplolaimidae) (Table A3). Identi cation followed the keys of Bongers (1994)
and Andrassy (Andrassy, 2005; Andrassy, 2007; Andrassy, 2009). Nematode body lengths and
widths were measured under the microscope aD100 (length) and O400 (width) magni cation

to calculate the fresh weights (biomass) after the formula of Andrassy (1956). These biomass

values were then used for the metabolic footprint calculation (see Section 3.3.4).

3.3.4 Nematode community analysis

Nematode taxa were assigned to the ve trophic groups of bacterivores, root feeders, fungivores,
omnivores and predators after Yeates et al. (1993). Additionally, nematodes were assigned on a
c-p scale of 1 5 according to their life strategy (Bongers, 1990; Bongers and Bongers, 1998): (1)
c-p 1 nematodes are bacterial feeders, have a short generation time and can form dauerlarvae.
They often explode in abundance under enriched conditions and their dauerlarvae can outlive
times of food shortage. (2) c-p 2 nematodes have a short generation time as well, but do not form
dauerlarvae. They are comparatively tolerant to pollutants and disturbances and occur under
food-rich and food-poor conditions. (3) c-p 3 nematodes have longer generation times and are
good disturbance indicators. (4) c-p 4 nematodes are similar to c-p 3 nematodes, but with lower

fecundity. (5) Finally, the c-p 5 nematodes are large in size and have a long generation time, as
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well as a low reproduction rate. They are most sensitive to disturbances and pollutants. The c-p
scale follows the r/K selection theory with the low c-p values being more similar to r-strategists
and the high values being more similar to K-strategists due to their di erences in their respective
life strategies. The distribution of the c-p values within nematode communities may change from
lower to higher c-p values with an increasing development of an ecosystem (Wasilewska, 1998).
This was also hypothesised by Bongers (1990) with the application of the MI, as a measure of
environmental disturbance, and an increase of it with ongoing succession of the environment.
Combining the feeding type and c-p value of each nematode genus leads to the assignment of a

“functional guild' (Bongers and Bongers, 1998): for example, Bal foEumonhystera (Table A3).

Nematode indices were calculated after Ferris et al. (2004) and Bongers (1990). The MI uses the
c-p values of all taxa except root feeders present in a nematode community and weights them
with their frequency to evaluate the e ect of environmental disturbances in the food web. The
MI therefore increases with the succession of the ecosystem and the decline in disturbances. The
plant parasitic index (PPI) is calculated from the c-p values of exclusively root feeding genera,
which is of importance due to the dense root system for IWG. The CI shows the preference for a
fungal (high CI) or bacterial (low CI) decomposition pathway. The Sl represents the connectivity

of the food web, which is increasing with its maturation. Lastly, the EIl shows the availability

of resources, with high values corresponding to increased nutrient enrichment. The Sl and El
calculations involve a structure (s), basal (b) and enrichment (e) component, with N being the
respective c-p values (3 5) of the taxa andWsz = 1.8, W, = 3.2 and W5 = 5. The respective

formulas are:

Cl =(100 0:8 Fu,)=(3:2 Ba;+0:8 Fu,)

s

SI =100 (——

(s+ b)

El =100 (—)

B e+ b

s=(Bay Wy)+(Predy Wyn)+(Fun Wy)+(Omy Wy)
b:(Ba2+ FUZ) 0:8

e=(Ba; 32)+(Fu, 0:8)
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Additionally, the metabolic footprint after Ferris (2010) combines the production component
(biomass and egg production) with the respiration component (metabolic activity), representing
the carbon utilisation by nematodes and how the nematode community in uences ecosystem

functioning. The equation for the footprint is:

X
F= (Nt(O:l(\r/nv—:) +0:273W 7))

with Wt being the biomass values taken from the measured body length and width calculated
after Andrassy (1956) as explained in Section 3.3.3, wherebi; refers to the number of individ-
uals and mt the c-p value in each respective taxa (t). It was then split into the di erent feeding

types (e.g., bacterial footprint).

3.3.5 Statistics

Statistical analysis was done using RStudio version 2023.6.1.524 (Posit team, 2023). Generalised
linear mixed models were used to test for statistical signi cances for the di erent metabolic
footprints using the package ‘Ime4' (Bates et al., 2015), with each country having their own
model to account for the di erences in management and soil properties. The plot ( eld replicates)
served as random e ect, while the cropping system and the depth were considered as xed e ects.
They were each tested against the references with “annual wheat' being used as a reference for the
cropping system, while “depth I' was the references regarding the depth distribution. To account
for the vertical distributions within the cropping systems, the interaction between the cropping
system and depth was also investigated. Since some of the data were normal distributed and
some were not, a square root transformation was applied to account for the zeros in the data set.
The respected signi cance levels were: p 0:1(°);p 0:05(*);p 0:01(**);p  0:001(***).

The comparison of the indices between the cropping systems was done by plotting the corre-
sponding values of an index on the axes (x-axis = annual wheat; y-axis = IWG), as well as a 1:1
line to divide the cropping systems (Figure 3.3) using “ggplot' (Wickham, 2016). Here, if a data

point was above the line, IWG achieved higher values for the respective indicator compared to
annual wheat, and vice versa. The rest of the graphs were created using Microsoft Excel (version
2405).
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Figure 3.1: Nematode community structure in a c-p triangle after De Goede (1993) for the
annual (empty shapes) and perennial ( lled out shapes) wheat sites. The arrow indicates a shift
from c-p 1 (enrichment indicators) to c-p 3 5 (structure indicators) following the transition of
an annual to a perennial cropping system.

3.4 Results

Generally, the IWG sites were characterised by an accumulation of structure indicators (c-p
35 nematodes), while the annual wheat sites were mostly characterised by c-p 1 nematodes
(enrichment indicators) (Figure 3.1) when plotted in a c-p triangle after De Goede (1993). There
was no clear trend for the depth distribution; however, samples from depth Il were oftentimes
more aligned with c-p values of 3 5. Overall, it was observed that the transition from an annual
to a perennial cropping system resulted in a shift from mostly c-p 1 to c-p 35 nematodes, as

indicated by the black arrow (Figure 3.1).

The results further show that IWG achieved higher values for the Ml and the Sl (Figure 3.3),
indicating the maturity of the nematode fauna in a cropping system with a structured food web,
respectively. The values for the El show the opposite trend, with values located below the line,
indicating that the annual cropping system had a higher nutrient enrichment than the perennial
one. The higher PPI for IWG indicates a higher occurrence of plant parasitic nematodes. The
IWG sites were characterised by a fungal dominated decomposition pathway, due to the higher

Cl values compared to annual wheat. Regarding the vertical distribution, no clear trend was
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visible, except for the PPI and potentially the SlI, with greater values for depth II, showing a
structured food web for the latter. The El and ClI showed greater di erences concerning the

vertical distribution in the soil, but with no clear trend.

Figure 3.2: Mean percentages (outer ring) of the metabolic footprints for each country and
cropping system, divided into the ve feeding types and the two sampling depths. The inner
ring represents the sum of the outer ring. D I, depth I; D Il, depth II; BV, bacterivore; FV,

fungivore; OM, omnivore; PRED, predator; RF, root feeder.

For the weighted faunal pro le analysis after Ferris et al. (2001), the samples were split into four
gquadrats according to the structure and EI (Figure 3.4). Similar to the trends seen in the c-p
triangle and the distribution of the study sites according to the indices, most of the samples
were located in Quadrats A and B, which characterises a nitrogen-enriched environment with
high to moderate disturbance. Additionally, samples in Quadrat B show maturing food web
conditions. The annual sites were mostly assigned to Quadrat A (high disturbance) whereas

the perennial sites were distributed across all Quadrats, but mostly to Quadrats B and C, with
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the latter displaying an undisturbed, structured food web. Quadrat D, which indicates depleted
enrichment and a fungal decomposition channel was linked to two IWG study sites (Sweden
depth |, Belgium depth II). There seems to be no clear distinction between the depths for these

samples, since they all stayed within the same range for both depths.

Figure 3.3: A compilation of the most common nematode indices split between the three countries
and two depths (Depth 1 =5 15 cm; Depth 2 =25 35 cm). The dashed line distinguishes between
the cropping systems: If the points are above the line, the value of the respective nematode
indicator is higher in the perennial cropping system than in the annual cropping system. If the
points are below the line, then the annual cropping system achieved higher indicator values.
Cl, channel index; El, enrichment index; MI, maturity index; PPI, plant parasitic index; Sl,

structure index.

Regarding the in uence on the carbon utilisation and resource ow in the ecosystem, the annual
cropping system had the highest bacterial footprint for all sites (France: p = 0.047; Belgium: p
= 0.601; Sweden: p = 0.305,Table S2 1), identifying it as the main source of resources into the
ecosystem (Figure 3.2). The other feeding types represented less than 20% of the total population,
with omnivores and predators being least abundant. The only exception was Sweden, where the

ve feeding types were more evenly represented, showing a diverse source of resources into the

1please refer to the original article to view this extensive table.
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ecosystem. Root feeders were most dominant in IWG sites compared to annual wheat sites
(France: p = 0.013; Belgium: p = 0.094; Sweden: p = 0.758Table S2 2), followed by fungivores
and bacterivores (Figure 3.2). For the root feeders, the vertical distribution was signi cant for
IWG (France: p = 0.038; Belgium: p = 0.018; Sweden: p = 0.041). Other than that, the vertical
distribution was signi cant for the omnivore (Belgium: p = 0.059; Sweden: p = 0.046) and

predator footprint (Belgium: p = 0.002; Sweden: p = 0.098) in IWG for two of the study sites.

2please refer to the original article to view this extensive table.
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Figure 3.4: Depiction of the structure and enrichment index and divided into four quadrats
after Ferris et al. (2001). The arrow indicates a shift from Quadrat (A) to (C) following a
transition of an annual (empty shapes) to a perennial (lled out shapes) cropping system. (a)
High disturbance, N-enriched, bacterial decomposition channel, low C-N ratio, disturbed food
web condition. (b) Low to moderate disturbance, N-enriched, balanced decomposition channels,
low C-N ratio, maturing food web condition. (c) undisturbed, moderate enrichment, fungal
decomposition channel, moderate to high C-N ratio, structured food web condition. (d) Stressed
system, depleted enrichment, fungal decomposition channel, high C-N ratio, degraded food web

condition.
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3.5 Discussion

3.5.1 Improved food web structure due to IWG cultivation

In annual wheat cropping systems, which are prone to stress and disturbance due to intense
conventional agricultural land-use and management practices, c-p 1 nematodes are more dom-
inant than c-p 35 (Briar et al.,, 2012; Laasli et al.,, 2022). This is because the proportion

of higher c-p valued nematodes increases following the development of an ecosystem (Bongers,
1990; Wasilewska, 1998), as in the case of perennial crop cultivation. These higher c-p val-
ued nematodes, including predator nematodes, are most sensitive to disturbance and therefore
decrease as intensive management practices increase (Ferris et al., 2004), resulting in more struc-
ture indicators (c-p 3 5 nematodes) for IWG sites, and thereby con rming our rst hypothesis.
Additionally, the ndings showed a potential trend for more c-p 3 5 nematodes in the subsail,

indicating that this soil depth was less disturbed than the topsaoil.

Perennial cropping systems may promote a structured food web with low disturbances, which
was documented in the present study by the increased MI and Sl. The MI increases with the
succession of an ecosystem, starting with a low index for annual cropping systems and then rising
to a high index for a perennial cropping system (Freckman and Ettema, 1993). Additionally,
perennial cropping systems have increased ground coverage (Schmidt et al., 2017) and a denser
root system (De Oliveira et al., 2020) which corresponds to higher levels of root feeder abundances
(Sohlenius et al., 1987). Plant parasitic nematodes include root feeders, among other feeding
types, which lead to greater PPI values for IWG sites than in annual wheat sites. Another
reason is the exclusion of tillage in IWG, which makes it similar to a monoculture (Baker, 2017),
as tillage is known to reduce the abundance of plant parasites more e ectively than pesticides
(Overstreet et al., 2010).

For the present study, the transition from an annual to a perennial system could be best described
by ndings related to the El and Sl: a conventionally managed system typically has a high El

and low Sl, whereas it is opposite for a perennial one (Briar et al., 2012; Ferris et al., 2001).
The Sl is therefore also referred to as a soil health indicator (Berkelmans et al., 2003). The El
represents the nematodes that rapidly respond to the availability of resources, whereas the Sl
represents the connectivity and complexity of the food web (Ferris, 2010; Ferris et al., 2004). Our

results were mostly in accordance with Ferris et al. (2001), with perennial agriculture indicating
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an undisturbed system (Ferris and Ferris, 1974) and annual agriculture indicating a system
characterised by high disturbance with opportunistic organisms, as seen in their distribution of

the feeding types.

3.5.2 Greater carbon utilisation of trophic groups of higher food web

levels as well as stimulated nutrient cycling under IWG

As mentioned in the previous subsection, annual wheat cultivation sites have been characterised
by a soil system with high disturbances and increased occurrences of opportunistic nematodes.
Accordingly, conventional agricultural land-use and management systems result in higher abun-
dances of bacterivorous nematodes (Parmelee and Alston, 1986), leading to higher bacterivore
footprint. In comparison, a high metabolic footprint corresponds to enhanced carbon channelling
into the soil food web, a ecting ecosystem functioning and services (Du Preez et al., 2022). The
respective higher bacterial footprint for annual wheat therefore shows that they are the main
source of carbon and energy entering the food web (Ferris, 2010). Furthermore, this indicates
that labile organic matter is present in higher quality or had recently been applied (Ferris, 2010).
Grasslands, on the other hand, which share common features with IWG, are often dominated
by root feeding nematodes (Sohlenius et al., 1987), resulting in higher root feeding footprints,
indicating the main source of resource ow into the ecosystem (Ferris, 2010). The increased oc-
currence of the root feeders, especially for depth I, indicates greater carbon utilisation through
root feeding channels (Ferris, 2010), which correlates with the presence of a more profound

perennial root system, as hypothesised.

The metabolic footprint of higher trophic levels (omnivore and predator footprint) was lower

in annual wheat sites, as those trophic levels are sensitive to disturbances (Ferris et al., 2004)
generated by the practices of intensive agricultural land-use and management systems. They are
therefore mostly present in the topsoil and show a vertical distribution in the soil ecosystem,
especially for IWG sites, where the soil was undisturbed, as compared to the annual wheat
sites. Furthermore, a lower omnivore or predator footprint for the annual sites could potentially
indicate reduced carbon utilisation as these trophic levels have large individuals, therefore having
a bigger weighting on carbon utilisation in an ecosystem (Ferris, 2010; Du Preez et al., 2022).
IWG sites, on the other hand, showed an increased occurrence of predators and omnivores.

Here, as previously shown with other perennial crops, like cup plant, the cultivation of perennial
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crops may yield an increase in those feeding groups (Freckman and Ettema, 1993; Schorpp and
Schrader, 2017). A possible explanation for the balanced composition of feeding types for annual
wheat in Sweden, in contrast to the other sites, could be that the increased soil coverage and the
clayey soil correlated with root feeding and omnivorous nematodes (llieva-Makulec et al., 2016;

Martin and Sprunger, 2023).

One common distinction between annual and perennial cropping systems is the preference of
either a bacterial or fungal decomposition channel. Looking at the overall distribution, IWG
sites had slightly more fungivores than bacterivores, which is also re ected in the increased ClI
and fungal metabolic footprint. This shows the association with a fungal decomposition pathway
and a heterogeneous resource environment, which is prevalent for low input systems (Bardgett
and Cook, 1998; Ferris et al., 2004; Schorpp and Schrader, 2017). Additionally, fungivorous
nematodes are known to stimulate carbon and nitrogen cycling (Kane et al., 2023). The increased
fungal metabolic footprint therefore suggests greater resource ow through fungivorous channels
into the soil food web, as it is common in no till systems (Zhang et al., 2015). The metabolic
footprints change depending on the quality and quantity of the available resources (organic
materials) in the ecosystem, resulting in high bacterial footprints as indicators of soil enrichment
and fertility, while high fungivore footprints show an accumulation of recalcitrant organic matter,
which will be used by soil fungi (Ferris, 2010; Ferris et al., 2001; Du Preez et al., 2022).

3.5.3 Inuence of soil management factors, including soil depth

Our study sites were characterised by di erent soil and management conditions, which also have
a potential to in uence the results. The Swedish annual wheat sites had the highest amounts
of root feeders. This could correspond to the increased fertiliser usage, as it can stimulate the
abundance ofRhabditida (mostly bacterivores) or Tylenchida (mostly root feeders) (Gruzdeva
et al., 2007). Soils in Sweden and France had higher proportions of fungivorous nematodes,
which could correlate to their fertilisation, indirectly through an increase in soil organic carbon
(Zhang et al., 2016), as only 59 N kg/ha of fertilisation was applied for the latter at the time
of sampling. There was no clear di erence found between the organic and mineral fertiliser
usage, similar to results from other studies (Benkovic-Lacic et al., 2013). The application rates
of herbicides were too similar for our sample elds to see any related e ects, however, pesticides

are known to negatively a ect nematodes, as shown, for example, by Zhao et al. (2013) who
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found a negative correlation of herbicides with fungivores and predators. Comparing only the
annual cropping systems, levels of bacterivores were lowest and root feeders and fungivores were
highest in Sweden, similar to a study by Nisa et al. (2021), who showed the same trend for the
feeding groups in relation to a decrease in pH value. The bulk density did now show a clear
e ect onto the feeding type distribution, except for the sites in Sweden. Here, the proportions

of bacterivores decreased, while that of root feeders increased, in accordance with ndings by
Bouwman and Arts (2000), as this site had correspondingly high bulk density due to the local
clay-rich soil texture. A pore size distribution should be investigated in future studies to see if

the distribution of coarse versus ne pores has an e ect on nematode distribution.

In the present study, a distinction was also made between two soil depths, with depth Il rep-
resenting the subsoil, which was una ected by tillage, except for the site in Belgium, due to
regional management choices. The di erences in tillage depth for the annual wheat correlated
with the occurrence of c-p 1 nematodes, as they are opportunistic r-strategists with short gener-
ation times (Ferris et al., 2001). Depth Il was below the tillage horizon for France and Sweden
and was therefore less disturbed than the upper depth. Accordingly, the samples of depth |
were most correlated with c-p 1 nematodes. For Belgium, as depth Il was within the tillage pan
and therefore frequently disturbed, the c-p 1 nematodes were still dominant in the deeper soil
layer. This also explains why the annual sites in Belgium (depth Il) were located at the top

of the c-p triangle and the faunal pro le, as tillage promotes the reproduction of opportunistic

taxa through increased mineralisation (Bongers and Bongers, 1998). As the soil in depth Il was
mostly undisturbed, the e ect of the more extensive root system (rhizosphere), indicated by
the increased root feeder footprint, and with that the greater nutrient retention may positively

in uence the structure of the nematode community.

3.6 Conclusion

The results of the present eld study recommend the cultivation of IWG as a nature-based
solution for resilient agriculture, as it may create favourable conditions for the environment,
including improved nutrient cycling, even after only an establishment of 3 6 years. The same
trend was found in a previous study on earthworm community at the same study sites (Forster et
al., 2023), in which IWG cultivation was shown to signi cantly improve biodiversity as indicated

by alpha-diversity, as well as earthworm abundance and biomass.
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The disregard of climatic conditions for the above-mentioned bene ts shows the possibility to
establish IWG on a variability of eld sites, possibly even including marginal lands, as an inno-
vative grain management system for resilient agriculture. Factors like plant-parasitic nematode
management and the in uence of the rhizosphere or pore size distribution should be considered
in future studies. Additionally, soil sample analysis in deeper depths could further manifest the

statements made in this study.
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4.1 Abstract

The intensi cation of agriculture has led to environmental degradation, including the loss of bio-
diversity. This has prompted interest in perennial grain cropping systems to address and mitigate
some of these negative impacts. In order to determine if perennial grain cultivation promotes
a higher microbial diversity, we assessed the endophytic microbiota of a perennial grain crop
(intermediate wheatgrass, Thinopyrum intermedium L.) in comparison to its annual counter-
part, wheat (Triticum aestivum L .). The study covered three sampling sites in a pan-European
gradient (Sweden, Belgium, and France), two plant genotypes, three plant compartments (roots,
stems, and leaves), and two sampling time points. We observed that the host genotype e ect was
mainly evident in the belowground compartment, and only to a lesser extent in the aboveground
tissues, with a similar pattern at all three sampling sites. Moreover, intermediate wheatgrass
roots harbored a di erent bacterial community composition and higher diversity and richness
compared to their annual counterparts. The root bacterial diversity was in uenced by not only
several soil chemical parameters, such as the carbon:nitrogen ratio, but also soil microbial param-
eters, such as soil respiration and dehydrogenase activity. Consistent ndings across time and
space suggest stable mechanisms in microbiota assembly associated with perennial grain crop-
ping, underscoring their potential role in supporting biodiversity within sustainable agricultural

systems.

Keywords: perennial grain, plant microbiome, rhizosphere, root endophytes, amplicon sequenc-

ing

4.2 Introduction

The ongoing intensi cation of agricultural practices has resulted in environmental changes and
challenges, including the degra-dation of soil fertility and depletion of biodiversity (Emmerson et

al., 2016; Tscharntke et al., 2012). One proposed solution to address these negative consequences
is the implementation of perennial grain cropping systems with deep-rooted plants, which is
inspired by natural ecosystems (Asbjornsen et al., 2014). One of the most promising varieties
of perennial grain crops is intermediate wheatgrassihinopyrum intermedium (host) Barkworth

& D.R. Dewey; trademarked as Kernz& ](Cui et al., 2018). Perennial grain cropping o ers a

more sustainable approach for plant production and could help to reduce negative impacts of
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agriculture, as plants remain in the same eld for multiple years and thereby provide a permanent
soil cover (De Oliveira et al., 2020). However, further research is required to determine if perennial
plants can retain speci c ecosystem services under agricultural settings, such as maintenance of

enhanced biodiversity (Rasche et al., 2017).

Intermediate wheatgrass o ers various ecosystem services, particularly connected to soil health
(Rakkar et al., 2023). Soil microorganisms are key for governing soil health and are one of
the main sources from which plants select their endophytic microbiome (Singh et al., 2023;
Hardoim et al., 2015). Land-use intensity can in uence microbial community structures in soils.
Perennial systems were shown to have distinct communities of soil earthworms, nematodes,
protists, and bacteria (Romdhane et al., 2022; Cao et al., 2021; Forster et al., 2023; Sprunger
et al., 2019). Furthermore, perennial plants have been linked to higher microbial diversity and
biomass in bulk and rhizosphere soil, which may be attributed to increased root exudation
(Parker and Schimel, 2010; Hargreaves et al., 2015; Bertola et al., 2023). The root-associated
microbiome of intermediate wheatgrass is not only distinct from surrounding bulk soil (Dimitrova
Martensson et al., 2020), but there are also observable di erences to other deep-rooted plant
species. Endophytic microorganisms inhabit the inner tissues of plants and can support the
host plant during germination (Khan et al., 2017; Hubbard et al., 2012), nutrient acquisition
(Soares et al.,, 2016; White et al., 2019), protect against diseases (Matsumoto et al., 2021),
and can confer abiotic stress tolerance (Hubbard et al., 2012; Irizarry and White, 2017). The
plant microbiome is in uenced by multiple drivers, including abiotic and biotic factors (Compant

et al., 2019; Trivedi et al., 2020). Furthermore, the host plant genotype, compartment niche,
and developmental stage are signi cant determinants of microbial assembly, processes by which
species from a regional pool colonize and interact to form stable local communities (Berg et al.,
2016; Michl et al., 2023; Wagner et al., 2016; HilleRisLambers et al., 2012). Another critical
aspect is the evolutionary history of plants, which correlates with the microbial communities
associated with them (Brooks et al., 2016). Furthermore, domestication and breeding for high
yield cultivars shaped the microbiota of our modern crops (Pérez-Jaramillo et al., 2016). Recently,
the loss of microbial diversity and speci city as well as potential bene cial associations in modern
crop plants have been increasingly recognized, which highlights the signi cance of studying native
ecosystems as a source of plant-bene cial endophytes (Berg et al., 2023). Moreover, wild plants
are more adept at forming bene cial interactions, while modern crops may be impacted in this
ability (Pérez-Jaramillo et al., 2016).
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We hypothesized that: (i) intermediate wheatgrass has a distinct bacterial composition and
greater microbial diversity across compartments in comparison to annual wheat; (ii) in the case
of the root microbiome, this diversity will be in uenced by soil chemical and biological char-
acteristics; and (iii) the root microbiome of intermediate wheatgrass will be less variable and
more connected across time due to reduced environmental disturbances. To test these hypothe-
ses, our objectives were to compare the bacterial endophyte communities across di erent plant
compartments (roots, stems, leaves) at multiple sites (Sweden, Belgium, and France) and time
points (2021 and 2022), focusing on how plant genotype, life cycle, and soil parameters in uence

microbial diversity and community assembly.

4.3 Materials and methods

4.3.1 Sample collection and study sites

Samples of intermediate wheatgrassT. intermedium (host) Bark-worth & D.R. Dewey; trade-
marked Kernza® ) and winter wheat (Triticum aestivum L.) roots, stems, and leaves were col-
lected in June 2021 in Sweden (580'8 N, 13°7'0 E), Belgium (50°33'36 N, 4°42'0 E),and
France (45°39'11 N, 5°14'38 E). Analogous sampling was conducted in April 2022, except for
root samples in Belgium, which were sampled in May 2022. More detailed information on the

wheat cultivars and sampling sites can be found in Supplementary Datalable S1 *.

In total, 720 destructive samples were collected: 20 biological replicates (5 per 4 subplot€)

3 compartments (roots, stems, and leavesp 2 genotypes (intermediate wheatgrass and winter
wheat) O 3 eld sites (Sweden, Belgium, and France)O 2 sampling time points (June 2021
and April 2022). Roots were collected with a split tube sampler (Royal Eijkelkamp, Giesbeek,
Netherlands; diameter: 5.3 cm) at a depth of 515 cm. Stem and leaf samples were collected
beforehand above the soil core sample. Since perennial wheatgrass can spread through rhizomes,
sampling of individual plants was not possible and several plants were pooled into one biological

replicate

All plant samples were put in sterile bags, stored cooled, and sent within 48 h for further sample

processing either to the Nicolaus Copernicus University (Torun, Poland) or Graz University of

1Please refer to the original article to view this extensive table.
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Technology (Graz, Austria; Table S1 2).

4.3.2 Surface sterilisation, deoxyribunocleic acid extraction, and 16S

ribosomal ribonucleic acid gene fragment sequencing

Roots (pre-washed and separated from soil), leaves, and stems were weighed and sterilized with

70% EtOH for 1 min, followed by washing with sterile H,O for 1 min. Afterwards, the roots

and aboveground plant samples were sterilized with 7.5%1,0, for 6 or 4 min, respectively,

and nally washed 5 times with sterile H,O. The surface sterilized plant material was stored at
20°C until further use.

The plant material (approximately 50 mg of roots, 100 mg of leaves, and 200 mg of stems) was
disrupted using mortar and pestle and liquid nitrogen. Subsequently, total genomic DNA was ex-
tracted following the manufacturer's instructions of the DNeasy PowerSoil Kit (Qiagen, Valencia,
CA, USA). The samples were stored at 20°C until further use. For ampli cation of the V4 region

of the 16S ribosomal ribonucleic acid (rRNA) gene fragment, the universal barcoded primers 515f-
806r (515f: 5-GTGYCAGCMGCCGCGGTAA-3'; 806r: 5'-GGACTACNVGGGTWTCTAAT-

3") were used (Caporaso et al., 2011). Peptide nucleic acid clamps (PNA) were included in the
polymerase chain reaction (PCR) mix to interfere with the ampli cation of host plastid and
mitochondrial 16S rRNA genes (Lundberg et al., 2013). PCRs were carried out in 251 vol-
umes and two technical replicates using the @ KAPA Taq Ready Mix (Kapa Biosystems, USA),
1.5 M PNA mix, 0.2 mM of each primer, PCR-grade water, and 1 | undiluted template DNA.
The cycling conditions were as follows: 98C for 3 min, 30 cycles of 98C for 30 s, 78C for 5s,
54° C for 30 s, 72C for 20 s, and a nal extension at 72C for 30 s. Out of the 720 samples,
16 could not be ampli ed (Table S1 2). Technical replicates were pooled and combinedTable
S1?) in equimolar concentrations. The amplicon libraries were puri ed using the Wizard SV Gel
and PCR Clean-Up System (Promega, Madison, WI, USA) before being sent to the sequenc-
ing provider Novogene (Cambridge, UK) for library preparation. Sequencing was done on an

lllumina NovaSeq 6000 platform (20 250 bp paired-end reads).

2Please refer to the original article to view this extensive table.
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4.3.3 Characterisation of soil chemical and biological parameters

Soil gravimetric water content was measured after drying sieved soil at 10% for 24 h. Soil pH
was determined with a pH Cond 340i glass electrode (WTW Ltd, Germany) using air-dried soil in
a 0.01 M CaCl; solution. Total soil organic carbon and total nitrogen were quanti ed using the
Elemental Analyser vario EL cube (Elementar Ltd, Germany). Plant-available phosphorus (P)
and potassium (K) were extracted in a Ca-acetate-lactate (CAL) solution according to Schuller
(Schiiller, 1969). Quanti cation of P was based on the colorimetric method of Murphy and Riley
(1962) and measured using a photometer (UV-1650 PC; Shimadzu Europe GmbH, Duisburg,
Germany). Determination of K was done using a ame atomic absorption spectroscopy (AA240

FS, Varian GmbH, Darmstadt, Germany).

Soil microbial carbon and nitrogen were determined with moist soil (adjusted to approx. 50%
of maximum water holding capacity) according to the chloroform fumigation extraction method
(Vance et al., 1987). Extracts were analyzed with a TOC-TN Analyzer (Shimadzu TOC-V+TNN,
Kyoto, Japan). Soil microbial respiration was determined according to Heinemeyer et al. (1989)
with moist soil samples. ReleasedCO, was assessed automatically by an infrared gas analyzer
(ADC Model 225-MK3, Hoddesdon, England). Dehydrogenase activity (DHA) was determined
based on a method presented by Thalmann (1968). Moist soil samples were incubated with a
triphenyl tetrazolium chloride (TTC) solution dissolved in 0.1 molar Tris bu er for 24 h at 27 °C.
After 2 h of reaction time with shaking at regular intervals, the colored sample was Itrated and
the liquid phase was measured at 546 nm against blank values on a spectrometer (Shimadzu

UV-1650 PC; Shimadzu Europe GmbH, Duisburg, Germany).

4.3.4 Sequence data processing

Raw sequences were demultiplexed using cutadapt, including removal of primer sequences and
low-quality reads (Martin, 2011). Following, the data was quality Itered, denoised, and chimeric
sequences were removed using the DADA?2 algorithm and feature table and representative se-
guences (amplicon sequence variants (ASVs)) were generated (Callahan et al., 2016) within
QIIME2 (Bolyen et al., 2019). The ASVs were classi ed using the SILVA v132 database and
the vsearch algorithm (Pruesse et al., 2007; Rognes et al., 2016). All amplicon libraries were
processed separately in QIIME2 and all feature and taxonomy tables were combined to a single

phyloseq object in R for further statistical analyses.
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4.3.5 Statistical analyses

Bacterial community analysis was conducted using the package Phyloseq (McMurdie and Holmes,
2013) and statistical analysis was performed with R (version 4.3.1) (R Core Team, 2022) in R
studio (version 2023.06.1) (Posit team, 2020). ASVs assigned to eukaryota, archaea, chloro-
plast, and mitochondria were removed from the dataset with the function subset taxa. For
beta diversity analysis, the dataset was subjected to cumulative sum scaling and Bray Curtis
dissimilarity matrices were computed. Signi cant di erences were assessed using the function
adonis?2 (permutational multivariate analysis of variance PERMANOVA) from the package VE-
GAN (Oksanen et al., 2022). To evaluate bacterial alpha diversity the dataset was normalized
by random subsampling to 500 reads per sample (Fig. A1A). A total of 15 (out of 704) samples
were removed due to low read numbers, a trade-o between sequencing depth and retaining bi-
ological replicates (Table S1 3). The Kruskal Wallis test was employed to determine signi cant

di erences in microbial alpha diversity, based on the Shannon H' index, species richness, and
Faith's phylogenetic diversity index (PD). PD was calculated using the respective function from
the package biomUltilitis (Shetty, 2024). Pairwise comparisons were conducted via Wilcoxon test

and P-values were corrected with false discovery rate.

General linear models were generated using thglm function, followed by a stepwise selection
with the function stepAIC from the package MASS (Venables and Ripley, 2002) to identify
a minimal tted model to predict Shannon diversity and observed ASV richness in the roots.
Therefore, the dataset was separated and normalized by random subsampling to 4200 reads per
sample, whereas three samples were excluded due to a low number of readslfle S1 3, Fig.
A1B). For each chemical soil parameter used as a predictor variable, an optimal transformation
was determined using theboxcox function. Distance-based redundancy analysis (db-RDA) was
conducted using the functionsdbrda and ordiR 2step implemented in VEGAN (Oksanen et al.,
2022). The environmental variables were standardized using the functiordecostand with the

clr method. For each subplot, ve plant samples were obtained, but only one soil core, so the
alpha diversity values and the subsampled ASV counts of the ve plants were averaged for the
regression analysis and the db-RDA, respectively. The sampling site Sweden in the sampling year
2021 had to be excluded from the gim and db-RDA analyses because no soil chemical parameters

were collected there.

3Please refer to the original article to view this extensive table.
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Core taxa were assessed using theore_ members function implemented in the package micro-
biome at various prevalence levels from 0% 100% and a detection level >0.001 on the subsampled
dataset (Lahti and Shetty, 2017). Signi cant di erential abundant genera and phyla were as-
sessed usinddDESeq?2 incorporated as function DA:ds 2 in the package DAtest and low abundant
ASVs with less than 10 reads were trimmed using the functionpreDA. Signi cant di erential
abundant genera and phyla were de ned by a Benjamini Hochberg (BH) adjusted P-value< : 05
and a log2 fold change> 0:58 or  0:58 corresponding to a fold change of 1.5 (Love et al., 2014;
Russel et al., 2018).

Networks assessing community interactions were created using the package SpiecEasi (version
1.1.2) (Kurtz et al., 2015). The networks were computed for each genotype and eld site sep-
arately,and to overcome the in ation of zeros, ASVs were Itered per network by a prevalence
of 75%. The adjacency matrices were calculated by using Meinshausen Buhlmann's neighbor-
hood selection with 50 repetitions, lambda minimum ratio of 0.001, and nlambda of 1000. These
lambda settings enabled the calculation of networks with stabilities close to the target stability
threshold of 0.05. The network transformation and analysis of network properties were con-
ducted with the package igraph (version 1.3.5) (Csardi and Nepusz, 2006). Global network
properties like positive edge percentage, sparsity, and transitivity were calculated along with
local network properties for each node, including mean degree, betweenness centrality, closeness
centrality, eigenvector centrality, and transitivity. Di erences between genotype-speci ¢ network
parameters were assessed using the Kruskal Wallis test. Keystone taxa were identi ed as nodes
with an eigenvector centrality value exceeding the empirical 95% quantile (Peschel et al., 2021).
Betweenness centrality is de ned by the number of shortest paths going through a node and
provides insights into the importance of a taxa based on their role in connecting di erent parts
of the microbial communities. Closeness centrality indicates the proximity of a node to all other
nodes, thereby giving insights into its potential to in uence them e ciently (Proulx et al., 2005;
Zamkovaya et al., 2021). Eigenvector centrality takes the connectivity of the associated nodes
into account, indicating that a taxon plays a signi cant role in the overall community by being
part of an important subnetwork (Bonacich, 2007; Lima et al., 2020). Transitivity, also known as
clustering coe cient, quanti es the clustering of nodes in a network by measuring the probability
that the neighbors of a node are connected and may give indications about niche specialization
(Proulx et al., 2005).
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4.4 Results

In the frame of the NAPERDIV project, 720 plant samples were collected from two plant geno-
types (T. intermedium L. and T. aestivum L.), three endosphere compartments (roots, stems,
and leaves), two growth stages ( owering and tillering stage) and three countries (Sweden, Bel-
gium, and France). Previous work showed that the three sites represent di erent climatic as well
as soil conditions (Table S2 #)(Forster et al., 2023). After quality ltering and removal of plant-
originating sequences and singletons the nal dataset was comprised of 44704596 reads, which
were classi ed into 51832 ASVs and assigned to 48 bacterial phyla. Reads in individual samples
ranged from 164 to 2264523 with an average number of 6 350.8348 792.8 reads. The samples
were mainly dominated by Pseudomonadota(aboveground: 70.9% and roots: 38.5%), followed

by Actinomycetota (aboveground: 14.8% and roots: 21.2%), andBacteroidota (aboveground:
3.5% and roots: 15.8%; Figs 4.1A and A2).

Table 4.1: E ects of plant genotype and sampling time on bacterial community composition of
di erent compartments and sites assessed with PERMANOVA.

Plant genotype Sampling time Plant genotype x sampling time

Rz (%) Pr(>F) R2 (%) Pr(>F) R2 (%) Pr( >F)

France-roots 12.8 0.001 12.9 0.001 4.3 0.001
Belgium-roots 7.3 0.001 49 0.001 8.1 0.001
Sweden-roots 8.1 0.001 11.7 0.001 3.1 0.001
France-stems 4.3 0.001 215 0.001 7.2 0.001
Belgium-stems 1.8 0.051 31.1 0.001 1.6 0.067
Sweden-stems 1.3 0.245 13.2 0.001 1.6 0.102
France-leaves 29 0.004 19.4 0.001 2.8 0.004
Belgium-leaves 25 0.004 22.1 0.001 2.3 0.009
Sweden-leaves 1.7 0.052 27.2 0.001 1.8 0.045

4Please refer to the original article to view this extensive table.
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Figure 4.1: (A) Bacterial taxonomic composition of root, stem, and leaf endophytes from interme-
diate wheatgrass and annual wheat at phylum level. Samples from three di erent eld sites and
two time points (n = 114 120 per plant and compartment) were merged. The category other
was merged from ASVs with a relative abundance below 0.01. (B) Bacterial community com-
position of intermediate wheatgrass and annual wheat visualized as NMDS plots divided by the
main in uencing factors eld site and plant compartment. The plant genotype is a major source
of bacterial community variation in the roots, but to a lesser extent in the aboveground materials
(detailed statistics in Table 4.1). (C) Bacterial alpha diversity in di erent plant genotypes and
compartments depicted as Shannon H', species richness, and Faith's phylogenetic diversity. Three
sampling sites and two sampling time points were merged (n = 114 120). The Kruskal Wallis
test, followed by pairwise comparisons with Wilcoxon testing and fdr adjustments, was used to

assess signi cant di erences, indicated by asterisks (*P <:01 and ** P < :001).
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4.4.1 Plant genotype e ects on the bacterial composition and diversity

Based on a PERMANOVA analysis, all tested factors, i.e., plant genotype R? =0.5%, P=.001),
compartment (R? =17%, P=.001), eld site ( R? =7.5%, P=.001), and sampling time point (R?
=6.8%, P=.001), in uenced the bacterial community composition. Nonmetric multidimensional
scaling (NMDS) plots supported these results as indicated by a clustering mainly in compartment
and eld site (Fig. A3A D, Table A4). The root microbiome was mainly in uenced by the eld
site, while the variation in community composition in the aboveground material was mainly

explained by the sampling time point (Fig. A4A C, Table A5).

To further assess the in uence of the genotype on the bacterial community structure and how the
bacterial composition changed over time, the dataset was split based on the two main in uencing
factors compartmentand eld site. We found that the bacterial community compositions of
stems and leaves were mainly in uenced by the sampling time point, which resulted in a clear
grouping in the NMDS plots at all three sampling sites (Fig. 4.1B). The genotype explained no
(e.g. stems from Sweden), or only little variation in the bacterial community structure (Table
4.1). The community composition of the roots, on the other hand, showed a clear clustering
for the genotype and sampling time point for all three sites. The e ect of genotype accounted
for 7.3% to 12.8% (P=.001) of the variation in the root compartment, while the sampling time
point explained 4.9% to 12.9% (Table 4.1). When comparing the three sampling locations,
we observed that the samples from Sweden exhibited the lowest genotype e ect, showing no
in uence in the aboveground tissues, and a less pronounced e ectR? =8.1%,P=.001),compared
to sampling time point (R? =11.7%, P=.001), on the root endophytic communities. Similar
to the bacterial community composition, a signi cant di erence in alpha diversity between the
annual and perennial genotypes was only observed in the root compartments. The diversity and
richness in stems (Shannon: P < .0005; Faith PD: P <.0005; observed: P< .0005) and leaves
(Shannon: P <.0005; Faith PD: P< .0005; observed: P< .0005) were notably lower than those
in the roots, but with similar levels across both genotypes (Fig. 4.1C, Fig. A7). However,
the perennial roots exhibited higher diversity (Shannon: P < .0005; Faith PD: P <.0005) and

richness (P < .0005) compared to their annual counterparts.
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Table 4.2: E ects of environmental variables on root Shannon H' index and observed richness
explained by generalized linear models and on the root bacterial community composition based
on db-RDA ANOVA.

Parameter Shannon diversity ASV richness Beta diversity

Fvalue Pr( >F) Fvalue Pr( >F) Fvalue Pr( >F) R2 ad,.
C:N 16.7162 0.0003 15.8215 0.0004 3.35 0.001 4.83
Respiration 8.9843 0.0054 6.4275 0.0169 2.38 0.007 2.79

Water content 5.1286 0.0309 6.7556 0.0145 - -
- 6.27 0.001 13.43

Microbial C:N 8.0094 0.0082 -

DHA - - 9.3124 0.0048 5.74 0.001 10.87
Phosphorus - - 0.6588 0.4236 - - -
Plant genotype - - - - 4.35 0.001 7.21
Potassium - - - - - - -

Table 4.3: Topological parameters of root microbiome networks of di erent plant genotypes and
eld sites. Two sampling time points were merged and only ASVs with a prevalence> 0:75 were

included in the network construction. Signi cant results are highlighted in bold.
Prevalence lter: 0.75%

Field site Sweden Belgium France

Genotype Perennial Annual P-value Perennial  Annual P-value Perennial Annual P-value

Stability 0.0499 0.0497 0.0495 0.0495 0.05 0.0495

Nodes 194 97 218 222 395 248

Edges 457 120 524 548 1781 679

Positive edges in % 64.332604 62.5 61.45038168 65.693431 60.6400898 63.03387
Negative edges 163 45 202 188 701 251
Edges/Nodes 2.3556701  1.237113 2.403669725 2.4684685 4.50886076 2.737903
Pos/Neg edges 1.803681 1.666667 1.594059406 1.9148936 1.54065621 1.705179
Sparsity 0.0243 0.0255 0.0221 0.0222 0.0228 0.0221

Max degree 16 9 13 16 18 15

Mean degree 4.73 2.47 2.56E-13 4381 4.94 0.6267 9.02 5.48 <2.2e-16
Betweenness centrality 0.028 0.044 0.9982 0.027 0.025 0.9531 0.0132 0.0204 0.1347
Closeness centrality 11.17 5.51 <2.2e-16 1394 11.68 1.18E-09 28.93 15.13 <2.2e-16
Eigenvector centrality 0.052 0.07 0.0006 0.036 0.122 <2.2e-16 0.094 0.119 0.1296
Number of keystone taxa 10 5 11 12 20 13

Transitivity 0.094 0.12 0.121 0.086 0.08 0.3365 0.0742 0.0902 0.03521

4.4.2 E ect of soil parameters on the root-endophytic microbiome

To determine the in uence of genotype and chemical soil properties on di erences in bacterial
diversity observed in the roots, generalized linear models were applied. This was followed by
stepwise selection from both directions to identify a minimal set of predictor variables included
in best tted models (Fig. A8-A10). From the eight variables tested, four signi cant ones
remained in the nal models(Table 4.2, Fig. A5).The adjusted McFadden's R? was computed for
the nal models to assess their adequacy, resulting in a value of 0.506 for the Shannon diversity
and 0.501 for ASV richness. It was shown that the ratio of carbon:nitrogen (C:N) was the
strongest predictor for Shannon diversity and ASV richness.In addition, respiration and water
content exhibited a signi cant in uence on both indices. Furthermore, an increase in microbial

C:N and dehydrogenase activity resulted in an increase in Shannon diversity and richness,
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respectively. Interestingly, the factor plant genotype was not included in either of the nal
models. Furthermore, plant available potassium and phosphorus were excluded from the most

adequate models.

To assess the inuence of plant genotype and environmental variables on the root bacterial
communities a distance-based redundancy analysis was applied. A stepwise selection from both
directions was applied and the nal model had an adjustedR? of 41.9% (P=.0001). It was shown
that microbial C:N, DHA, plant genotype, C:N, and respiration could signi cantly explain the
variance in the bacterial community composition, while water content, phosphorus and potassium

were excluded from the best tted model (Table 4.2, Fig. A6).

Figure 4.2: Co-occurrence networks showing the structure of the root microbiome from di erent
plant genotypes and eld sites inferred by SPIEC-EASI. The two sampling time points were
merged and only ASVs with a prevalence> 0:75 were included (n = 34 40). Node color and size
correspond to the taxonomy on phylum level and clr-transformed abundance, respectively. Edge
colors represent positive (green) and negative (red) associations between ASVs. Keynote taxa

are represented as triangles.
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4.4.3 Network analysis of the root microbiome

Networks were calculated to investigate the taxonomic relationships of bacterial communities
for the dierent plant genotypes and eld sites. In order to assess the stability of the root
microbiomes, the sampling time points were merged and only ASVs with a prevalence of 75%
were kept for network analyses. All networks exhibited a similar density (0.0221 0.0255), but
the topology di ered distinctively between the plant genotypes, but also the eld sites (Table
4.3, Fig. 4.2, Fig. Al11). The network structures resembled the sampling gradient from North
to South, with networks from Sweden exhibiting the lowest number of nodes and edges, while
those from France had the highest values. A higher number of edges per node was found in
the networks of intermediate wheatgrass in France and Sweden, while the networks of annual
wheat exhibited a higher percentage of positive edges in France and Belgium. All three networks
of intermediate wheatgrass depicted signi cantly higher values for the local network parameter
closeness centrality and the ones from Sweden and France had a signi cantly higher average
number of neighbors and a greater number of keystone taxa. A substantial number (18 out of
42) of the keystone taxa in the perennial networks belong to the family ofChitinophagalesand
Rhizobiales while the keystone taxa in the annual networks were dominated (10 out of 30) by
Chitinophagales and Burkholderiales (Table S3 °). Betweenness centrality was higher in the
annual wheat networks from Sweden and France, however this was not statistically signi cant.
The annual networks of Sweden and Belgium showed signi cantly higher eigenvector centralities.
Transitivity was only signi cantly higher in the network of annual wheat from France, while no

di erence was observed at the other eld sites.

To further test the hypothesis, that perennial wheatgrass root communities changed less over the
two sampling time points than the annual wheat communities, core microbiome analyses were
conducted. Thereby we assumed that a higher number of ASVs was shared between the two
sampling time points. The dataset was again split according to eld site and genotype. Neither
intermediate wheatgrass nor annual wheat had a core at a prevalence of 100%, indicating that no
ASV was found in every sample of either plant genotype. This observation was consistent even
when the samples were analysed per eld siteTable S4 °). The shared core between the two
sampling time points was comprised of a higher number of ASVs in the intermediate wheatgrass
than the core of annual wheat at most prevalence levels in Sweden and Belgium. At the eld

site in France, the annual wheat had slightly higher numbers of shared ASVs at prevalence

SPlease refer to the original article to view this extensive table.
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levels of 0.375 0.625. Similarly,the percentage of ASVs in the shared core compared to the
respective unique cores was, at most prevalence levels and eld sites, higher in the intermediate
wheatgrass (mean: 50%) than in annual wheat (mean: 42%). The most pronounced decrease in
the number of ASVs in the shared core was for all sample types from the prevalence level 0

0.125, suggesting a variable fraction of rare bacteria only present in a few samples. Interestingly,
while both genotypes from the site Sweden exhibited high numbers of ASVs at low prevalence

levels, they had the smallest core at the higher prevalence levels.

Figure 4.3: (A) Di erentially abundant phyla between the two sampling time points (left: 2021,
right: 2022). Phyla that are signi cantly di erent abundant (BH adjusted P < :05) and a
log2 fold change> 0:58 or < 0:58 are represented by colored points, while phyla below the
threshold are gray and labeled as Not Signicant. The group others represent phyla with

a relative abundance below 1% . The point size corresponds to the mean relative abundance.
(B) Di erential abundant genera between the two sampling time points (left: 2021, right: 2022).
Genera that are signi cantly di erent abundant (BH adjusted P < :05) and a log2 fold change
> 0:58 or < 0:58 are represented by orange points, while genera below the threshold are gray.

The point size corresponds to the mean relative abundance.
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To assess which bacterial phyla were most a ected between the two sampling time points, dif-
ferential abundance analyses were conducted at phyla and genera level. Phyla and genera were
considered signi cantly di erential abundant if they exhibited an adjusted P-value <.05 and a
log2 fold change> 0:58 or < 0:58. At all three sites, the intermediate wheatgrass root mi-
crobiome showed a lower number of signi cantly di erent abundant phyla, compared to annual
wheat (Table S5 ©). The di erence was most pronounced in Belgium (perennial: 25.8%; annual:
39.3%) and the least dominant in Sweden (perennial: 24.3%; annual: 28.9%gable S5 ©), Fig.
4.3A). This pattern was further observed in the abundance of the changed phyla. The relative
abundance of the largely unchanged phyla was consistently higher in intermediate wheatgrass
(Sweden: 77.1%; Belgium: 92.4%; France: 77.5%) compared to the annual counterpart (Sweden:
68.6%; Belgium: 34.2%; France: 34.8%; Fig. 4.3A). The observed di erences in the relative
abundance in annual wheat were due to the abundance change in the most dominant phyla (e.qg.
Pseudomonadotaand Actinomycetota), which were not signi cantly di erent in intermediate
wheatgrass. On genus level the di erences between intermediate wheatgrass and annual wheat
were less pronounced (Fig. 4.3B).The number of signi cantly changed genera was lower for inter-
mediate wheatgrass compared to annual wheat at the eld site Belgium (perennial: 9%; annual:
23.3%). For the eld sites Sweden (perennial: 16.6%; annual: 15.3%) and France (perennial:
19.6%; annual: 19.9%) the number of signi cantly di erentially abundant genera was similar.

A similar pattern was observed for the abundance of the largely unchanged genera, with major
di erences between the plant genotypes at the eld site Belgium (perennial: 85.6%; annual:
60.8%), but only minor di erences at the eld sites France (perennial: 55.5%; annual: 59.6%)

and Sweden (perennial: 52.1%; annual: 49.5%).

45 Discussion

The results obtained in this study provide fundamental insights into the dynamics of bacterial
communities associated with perennial wheatgrass and its annual counterpart wheat. Higher
diversity of the bacterial community and di erences to annual wheat in terms of compaosition
were mainly shown for the below-ground compartment of intermediate wheatgrass. Furthermore,
the root microbiome of intermediate wheatgrass collected from the three di erent sampling sites

showed signatures of a more stable and connected microbial network structure.

SPlease refer to the original article to view this extensive table.
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4.5.1 Chemical and biological soil parameters in uence the bacterial

community structure of root endophytes

Perennial crops are important for di erent ecosystem services, partially due to their commonly
extensive root systems (Duchene et al., 2020). Ecosystem services provided by them include
positive e ects on soil health (Rakkar et al., 2023; Means et al., 2022; Chamberlain et al., 2022).
Soil serves as an important reservoir of diverse microbial communities, from which plants can
speci cally select bacteria that can inhabit the plant endosphere (Bulgarelli et al., 2012; Mangeot-
Peter et al., 2020). We identi ed several soil chemical and biological parameters in uencing the
root bacterial diversity and community composition. Interestingly, the plant genotype partially
explained the variance in the community composition but was not included in the best tted
models for alpha diversity. This means that the plant genotype does not provide additional
information to the models explaining diversity beyond what is already accounted for by the soil
chemical (e.g. soil water content) and biological (e.g. soil microbial C:N, DHA) parameters.
However, other variables, such as the C:N or the water content were included in the models and
showed negative correlations with diversity and richness. It was previously shown that the C:N
ratio and soil water content are, among others, in uencing not only the soil microorganisms but
also the structure of plant endophytic microbiome (Zarraonaindia et al., 2015). Furthermore,
Bak et al. (2022) observed that intermediate wheatgrass exhibits,unlike other deep-rooting plant
species, high abundances of the N-cycling genes nirK and nifH in the root environments which
indicates that N xation contributes to plant N supply. The xed N can subsequently be utilized

by root-associated bacteria through N-rich plant exudates (Bak et al., 2022). Therefore, it was
speculated that the high relative abundance of N xers has the potential to increase microbial
biomass (microbial C) by the decrease in the C:N ratio of plant exudates (Bak et al., 2022). In
line with this, we were able to show that an increase in the soil microbial C:N ratio was correlated

with an increase in diversity in roots.

In particular, soil biological parameters related to microorganisms, such as respiration, microbial
C:N ratio, and DHA explained part of the alpha diversity. Interestingly, respiration showed a
negative e ect on both alpha diversity indices that were assessed. It was previously discussed
that biodiversity and community functioning are closely interconnected (Bell et al., 2005). It was
shown in controlled experiments that once diversity reaches a certain saturation level of com-

munity functioning,further increases in diversity do not have a signi cant impact on community
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functioning (Yu et al., 2019). This is especially relevant for common functions like respiration.
Last, DHA can serve as an indicator of microbial activity and is frequently employed for micro-
bial redox systems (Wolinska and Stepniewsk, 2012). Most studies focused on the assessment of
DHA in association with soil contamination and it was shown that there is a limited correlation
with soil microbial diversity (Zhao et al., 2018; Furtak et al., 2019). In our study, an increase
in DHA and the microbial C:N ratio in the soil was correlated with higher alpha diversity in
the roots. In previous studies comparing the rhizosphere or soil of annual wheat and perennial
wheatgrass, the latter was shown to accumulate higher microbial biomass and support higher
bacterial activity (Bertola et al., 2023; Li et al., 2025). Hence, we suggest that the higher bac-
terial diversity and richness observed in intermediate wheatgrass roots are in uenced by factors
beyond plant genotype, such as soil quality. Intermediate wheatgrass promotes a more active
soil microbial community with higher microbial biomass (Li et al., 2025), therefore we speculate
that the perennial lifecycle of the dense rooted intermediate wheatgrass and/or di erences in
the management create an environment that facilitates higher bacterial diversity. This, in turn,
could result in a larger reservoir of microorganisms from which the plant can select, creating a

bene cial feedback loop.

4.5.2 The plant genotype mainly in uenced the root microbiome com-
position and diversity and to a lesser extent the aboveground

compartments

We found that primarily the plant compartment, the sampling location and the time in uenced
the bacterial community composition more than the genotype of the cereal. A similar pattern
was previously observed for sugarcane (Hamonts et al., 2018). While we observed that the root
microbiome was mainly in uenced by the sampling site, the aboveground structures were mostly
a ected by the sampling time point. Furthermore, the host genotype e ect was more prominent
in the belowground compartment. Similar results were observed for lucerne (Brown et al., 2020)
and maize (Wagner et al., 2020) where belowground tissues, but not the leaves, of dierent
plant genotypes were shown to harbor distinct bacterial communities. To disentangle the host
genotype e ect, the dataset was separated based on the two primary in uencing factors, plant
compartment, and sampling site. A clear trend was observed for the bacterial composition of root

and aboveground compartments at all three sampling sites. While the root microbiomes clustered
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by genotype and sampling time point, the aboveground microbiome was mainly in uenced by
the sampling time point. In addition, we observed a higher bacterial diversity and richness in the
roots of intermediate wheatgrass compared to annual wheat, whereas no signi cant di erences
were noted in the stems and leaves between the two plant species. Given the management
practices used for intermediate wheatgrass cultivation, it is important to note that wheatgrass

is typically cut a few centimeters above the ground during harvesting (Jungers et al., 2018;
Pugliese et al., 2019). Therefore, the aboveground material has to regrow each year at the onset
of the vegetation period, resulting in a comparable growth process to annual plants. However,
the extensive root system of intermediate wheatgrass is less a ected by the harvesting process
and can continue to develop over the years. In contrast, in annual wheat, the root system
(and aboveground material) must develop from a single seed and completely re-establish itself
every growing season. While the intermediate wheatgrass root microbiome can continuously be
shaped by the host, plants in annual management are more prone to environmental disturbances
due to soil operations, including priority e ects. Therefore, we suggest that the root systems
of intermediate wheatgrass are the key compartment that di erentiates perennial plants from

annual ones, while the aboveground structures share characteristics of annual plants.

It was previously shown by Bertola et al. (2023) that one-year old perennial wheat had a com-
parable rhizosphere microbial structure to annual wheat. However, upon analyzing four-year
old perennial wheat stands, the authors found that they resembled the 11-year old plants of
intermediate wheatgrass and were distinct from the one-year old wheat (perennial and annual)
stands. This pattern highlights the conserved ecological niche of perennial roots, enabling the
development of a distinct root microbiome. The authors further hypothesize that the root mi-
crobiome development becomes saturated, probably due to a rather stable surrounding (Bertola
et al., 2023). We compared bacterial structures of intermediate wheatgrass and annual wheat
over two time points and found more connected networks in intermediate wheatgrass with lower
values for betweenness. Higher connectivity, characterized by higher mean degree and closeness
centrality values, has been linked with higher system stability due to redundancy. However,it
has also been suggested that a high level of connectivity may render systems more susceptible
to cascade e ects (Kajihara and Hynson, 2024). Nodes with high betweenness centrality are
often termed as gatekeepers and networks with low betweenness centrality values may indicate
higher stability (Kajihara and Hynson, 2024; Wang, Chen, et al., 2021; De Vries et al., 2018).

Intermediate wheatgrass networks showed more competition, indicated by a low ratio of posi-
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tive to negative edges, which is generally associated with ecological stability (Coyte et al., 2015;
Hernandez et al., 2021). Moreover, we observed a higher number of core ASVs and less signi -
cant changes in the relative abundance on the phylum level in intermediate wheatgrass. These
patterns were detected at all three eld sites. This was expected, as annual wheat cultivation is
subjected to di erent environmental disturbances, such as soil tillage. Previous work showed that
soil bacterial networks, as well as cross-domain networks, including fungi and protists, follow a
gradient of land-use intensity. The networks of the permanent grasslands exhibited higher levels
of connectivity and complexity than those under continuous cropping and temporary grasslands,
resembling intermediate wheatgrass cultivation, fell within a gradient between the two (Romd-
hane et al., 2022). It is important to note that comparisons between endophytic communities
in intermediate wheatgrass and annual wheat must go beyond discussions of di erences between
plant genotypes. The management varies between the two plant types (e.g. tillage) and it is
hardly possible to distinguish between these two factors. Targeted sampling strategies, e.g. by
comparing several perennial and annual plant types or investigation of land-use gradients,will be
necessary in the future to disentangle the di erences between e ects from plant genotypes and
the cropping system. Yet, the management is an integral part of the cultivation of perennial

grain crops and should be considered beside the factor plant genotype.

In conclusion, we observed consistent ndings across the three sampling sites showing compartment-
speci ¢ bacterial communities resembling the host plant lifestyle (perennial vs. annual). Impor-
tantly, the root-endophytic microbiome of intermediate wheatgrass showed higher diversity and
more connected communities. At the same study sites, intermediate wheatgrass cultivation was
found to improve the diversity, abundance, and biomass of earthworms and to favor a nematode
community structure that is characteristic for an undisturbed system with a more diverse food
web (Forster et al., 2023; Forster et al., 2024). Similar patterns across macro-and microorganism
scales emphasize the potential of intermediate wheatgrass cultivation for fostering sustainability

in agriculture by increasing biodiversity.
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5.1 Abstract

Perennial intermediate wheatgrass (IWG, Kernz&® ) establishes an extensive root system which
positively impacts nutrient retention and biodiversity and therefore o ers a regenerative alter-
native to current annual wheat production. However, the e ect of its components on the soll

ecosystem, for example, on the macrofauna and microbiota, is not yet understood.

Litter and root samples of IWG and annual wheat were sampled and used in an experimental
design consisting of two pot experiments under controlled conditions to investigate the e ect of
earthworms and microorganisms on litter and root decomposition di ering in starch and element
composition. From the experiment, two lifeforms of earthworms (anecic, endogeic) and the soll

microbiome were analysed.

Both litter and root samples had higher lignin and starch content for IWG as compared to annual
wheat. A possible greater nutrient retention for IWG was also indicated by higher nitrogen and
carbon contents in both the litter and the root samples. Accordingly, the C/N ratio was lower
than for annual wheat, which resulted in a faster decomposition rate and a signi cantly lower ratio
of fungi to bacteria. Both cropping systems showed signi cant di erences in their soil bacterial
community composition. Most notably, the IWG root substrate led to a higher diversity in the

underlying soil in comparison to the annual wheat substrate.

The bene cial substrate composition of IWG supports soil macrofauna and microbial uptake and
decomposition. The rhizosphere harbours a higher microbial diversity and an increased nutrient
retention in comparison to annual wheat, recommending IWG for a sustainable and regenerative

agriculture.

Keywords: decomposition, earthworms, microbiome, perennial intermediate wheatgrass (KernZa),

substrate composition

5.2 Introduction

The degradation of land and biodiversity through the intensi cation of agriculture on one hand
and the persistently high famine on earth on the other increases the necessity for the cultivation
of food crops on marginal lands to secure a su cient food source and meet the demand of the

growing human population. Perennial crops, including bioenergy crops, are known to grow on
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these degraded lands improving their soil quality, which oftentimes have unfavourable conditions
for agricultural cultivation (Blanco-Canqui, 2016). In this context, perennial cultivation can

also increase nutrient retention, including soil carbon and nitrogen content (Kautz et al., 2010),
opening new possibilities for resilient agriculture in consideration of the current trend of land

degradation.

Intermediate wheatgrass (Thinopyrum intermedium L., hereafter referred to as IWG), a promis-
ing perennial wheat grain, is domesticated and commercialised as KernZaby The Land Institute

in Kansas, United States (The Land Institute, 2025). It is characterised by greater root quantity
and root biomass compared to annual wheat (Sprunger et al., 2019), which in uences nutrient
retention with for example increased soil organic carbon (Tang et al., 2024). Previous studies
have shown that it may also improve soil fauna and soil microbial biodiversity (Forster et al.,
2023; Forster et al., 2024; Li et al., 2025; Michl et al., 2025).

The most substantial distinction between annual and perennial crops is their root system. Be-
yond that perennial crops have a higher surface cover and a no-till cultivation with only limited
disturbances on the soil ecosystem (Forster et al., 2023; Rasche et al., 2017; lutzi and Crews,
2020). The dominance of fungivorous over bacterivorous nematodes represents a fungal decom-
position pathway, possibly indicating improved nutrient cycling (Forster et al., 2024; Kane et
al., 2023. Additionally, IWG cultivation renounces the usage of pesticides and herbicides (Peters
et al., 2022). The di erence in the root structure is due to the perennial nature, where the crop
regrows from the roots after each harvest, in contrast to annual wheat which is replanted every
time. The perenniality of the plant therefore emphasises the need for better root storage capacity.
Accordingly, the regrowth from the roots may lead to more recalcitrant substrates for protection
against decomposition due to the long residence time in the soil for perennial cultures. For this,
plant lignin-cellulosic components are very important as they are resistant to decomposition and
stress (Liu et al., 2018). This results in a wider C/N ratio for perennial compared to annual crops
as seen for the comparison of cup plant and maize, for example (Wohl et al., 2023). Another
important factor is the storage capacity of the roots for plant regrowth, which can be investigated
by their starch content (Sco eld et al., 2009). The composition of the di erent plant components
then in uences the degradability with IWG being known for its bene cial composition for enzy-
matic degradation (Drager et al., 2024). Another factor that in uences the degradability is the

C/N ratio, where high values represent low degradability (Flegel and Schrader, 2000).
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Bioindicators can be used to measure and assess the impact of a cropping system on the soil
ecosystem. The e ect of di erent substrate compositions on earthworm decomposition can be
analysed through their casts (van Groenigen et al.,, 2019). The role of earthworms for the
breakdown of nutrients in the soil is already widely known. Here, especially the enrichment of
plant-available phosphorus is of importance, as phosphorus uptake by the roots is hindered by
its strong bonding properties to minerals (Amadou et al., 2022; Vos et al., 2019). Additionally,
earthworm casts are enriched in nitrogen (Parkin and Berry, 1994) and carbon (Wilcox et al.,
2002), aiding in nutrient cycling for the ecosystem. Moreover, nutrient incorporation is often
supported by the microfauna. Decomposition experiments often focus ohumbricus terrestris
(anecic; detritivore) and Aporrectodea caliginosa (endogeic; geophagous) as those species are
very common in arable soils. Additionally, they represent two di erent life forms and feeding
strategies with anecic earthworms building deep vertical burrows and endogeics living amongst
the roots in mostly horizontal burrows (Bouché, 1977). Accordingly, L. terrestris pulls fresh
litter into their burrows, while A. caliginosa feeds on the decayed organic matter in the sail,

labelling them as either detritivorous or geophagous species, respectively (Lee, 1985).

In addition, the quality and characteristics of plant residues play an important role in shaping
the microbial communities and diversity in the underlying soil. This is attributed to variations

in factors such as nutrient content, plant microbiome composition, or plant-derived secondary
metabolites (Zhang, Kong, et al., 2022). Furthermore, the soil microbiome is in uenced by the
soil fauna, such as earthworms. By enhancing soil structure, earthworms create micro-habitats
that support microorganisms, thereby a ecting microbial community structures, diversity, and
biomass (Cao et al., 2015). It is estimated that microorganisms are responsible for approximately
90% of the overall decomposition process, with fungi playing a crucial role as they are the most
e cient decomposers of lignin (Floudas, 2021; Persson et al., 1980). Therefore, it is vital to
understand the impact of perennial crop residues, which are an integral part of perennial grain

cropping, on the underlying soil microbiome.

The aim of this study was to investigate the decomposition of perennial and annual wheat residues
by soil microbes and earthworms. It was hypothesised that the decay of IWG would be slower
because of the di erences in bre composition, which includes higher amounts of lignocellulosic
components in both litter and roots relative to annual wheat. For this, both macrofauna and

microorganisms as well as their e ect on the decomposition of perennial versus annual wheat

were investigated. Using both feeding strategies of earthworms allows for the analysis of litter
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and root decomposition separately. The roots are of particular importance due to the expected
di erences in composition due to the perennial nature of IWG. The following hypotheses were
formulated: (1) IWG has a higher C/N ratio than annual wheat, which will negatively a ect the
decomposition rate of earthworms; (2) The interaction between earthworms and microorganisms
results in enhanced substrate uptake and decomposition compared to their individual e ects;
(3) The incorporation of substrates has a signi cant impact on the underlying soil microbial
communities, which vary according to the speci c type of substrate utilised. Furthermore, IWG

substrate will support greater soil microbial diversity.

5.3 Materials and methods

5.3.1 Sample preparation

Plant samples were taken in July 2022 and June 2023 for the litter and root samples, respectively
from both annual and perennial wheat (Thinopyrum intermedium, Kernza® ). According to the
BBCH (Biologische Bundesanstalt, Bundessortenamt and Chemical industry) scale, the plants
were sampled at development stage 70 (Principal growth stage 7) (Meier, 2018). The sampling
site was an experimental eld at Gembloux Agro-Bio Tech, Université de Liege. In total, 5 plants
were collected from four replicate plots for both cropping systems each. Since the plants for IWG
are composed of multiple thin stalks and the root system is connected and highly branched, it
was not possible to sample single plants, but rather just bundles. Roots of both crops were
sampled up to a depth of 15 20 cm. Litter samples were collected by hand around the sampled
plants at each of the four replicates. In the laboratory, the roots and litter were carefully washed,

dried (45°C) and then cut up into smaller pieces of max 2 cm.

The soil was taken from a silty-loamy Luvisol derived from airblown loess at Aachen, Germany.
Soil pH was 6.9 and the amount of total organic carbon was 23.3 mgg . Soil was defaunated
by a 24h freezing (-18C) and thawing cycle over the course of three days. The soil was then
sieved (<2mm) and set to a max. water holding capacity of 70%. Earthworms were either
sampled (Aporrectodea caliginosa Grassland) or ordered (umbricus terrestris; Mosella, Laufeld,

Germany). The individuals were accustomed to the experimental soil for one week.
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5.3.2 Experimental set-up

The experiment consisted of two subsets, one concerning the decomposition of litter residues and
a second for the decomposition of roots, each comparing annual or perennial litter residues and
root material. The litter experiment was conducted in March 2023 and the root experiment in
September 2023. Each experiment ran for approximately 8 weeks. For both subsets of litter and
root decomposition experiment, di erent earthworm species were used, the anecic and detrivo-
rous specied_umbricus terrestris for the litter experiment and the endogeic and humiphagous
speciesAporrectodea caliginosafor the root decomposition treatment. Epigeic earthworm species
were not used for this experiment to best represent the natural state in the eld. As those species
do not appear in annual wheat, adding them to these variants would not be justi ed. Since the
experiment was designed to add the same variables to each variant (i.e. annual and perennial
wheat substrates), we opted for anecic and endogeic species since those species appear in both
cropping systems, making the experimental set-up comparable and uniform. All in all, 2 individ-
uals of L. terrestris and 3 individuals of A. caliginosa were added to the respective containers,
each. Earthworm fresh biomass was kept similar between replicates (Table 5.1). Additionally, a
variation without the addition of earthworms was used as a control in both subsets. The con-
tribution of soil microorganisms to the decomposition of litter and roots was also investigated
in both subsets. For this, the microbiome composition and microbial activity were measured.
Each variant had 5 replicates. Additionally, the starting soil was examined for microbial analysis.
The containers used for both experiments had di erent dimensions in order to take the various
lifeform strategies of both earthworm species into account: subset for root (16.5 x 9.5 x 8.5 cm;
length x width x height; cuboid) and litter decomposition (13 x 11 cm; height x diameter; cylin-
der). The shape of the boxes (cuboid and cylinder) was sincA. caliginosa (root experiment) is

a shallow-burrowing and L. terrestris (litter experiment) a deep-burrowing species.

Each container was lled with the prepared soil and the respective substrate (or lack thereof) and
then closed o with para Im to ensure a steady oxygen supply but to prevent evapotranspiration
and earthworm escape. The litter was placed on top of the soil, whereas the roots were mixed in
to accompany the preferences of the earthworm species. Subsequently, earthworms were added
to the corresponding containers (Table 5.1). The containers were put into a dark room (1%C)
and checked every 2-3 days to ensure the well-being of the earthworms. Water was added when
felt necessary. The litter on the top was loosened up every time to prevent the formation of

anaerobic conditions in the containers and excessive mould formation. Dead individuals were
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Table 5.1: An overview of the experimental set-up. Abundance refers to the number of earth-
worms used per replicate both for the treatment with Earthworms (‘with EW') and without
(‘without EW"). The earthworms were weighted before the experiment; mean biomass represents
the mean over the ve replicates. The amount of substrate between the cropping systems (e.g.
between 'Litter Annual' and 'Litter Perennial’ was kept similar to exclude additional e ects onto
decomposition. The amount of substrate for each compartment ('Litter' or 'Roots') was decided
after inspection of the elds and an even distribution of the collected substrates between the

replicates.
Description Substrate [g] Earthworm species  Abundance [[] Mean Biomass [g]
Litter Annual (with EW) 10 Lumbricus terrestris 2 6:53 0:59
Litter Annual (without EW) 10 - -
Litter Perennial (with EW) 10 Lumbricus terrestris 2 6:35 0:26
Litter Perennial (without EW) 10 - -
Roots Annual (with EW) 3 Aporrectodea caliginosa 2 0:55 0:05
Roots Annual (without EW) 3 - -
Roots Perennial (with EW) 3 Aporrectodea caliginosa 2 0:54 0:05
Roots Perennial (without EW) 3 - -

rare but were then replaced by a new specimen of similar biomass.

5.3.3 DNA extraction and high-throughput sequencing

At the end of the experiment the soil was mixed thoroughly and three soil samples per box were
collected and combined into a composite sample. In addition, ve replicates of the starting soil for
both experiments were collected and all soil samples were stored at -28 until further processing.
After completing both experiments all soil samples were shipped within 24 hours using cooling
elements to Graz University of Technology (Institute of Environmental Biotechnology, Graz,

Austria).

Total genomic DNA was extracted from approximately 500 mg of soil following the manufac-
turer's instructions of the DNeasy PowerSoil Kit (Qiagen, Valencia, CA, USA). The V4 region
of the 16S rRNA gene fragment was ampli ed using the universal barcoded primers 515f and
806r (515f: 5'-GTGYCAGCMGCCGCGGTAA-3'; 806r: 5-GGACTACNVGGGTWTCTAAT-

3) (Caporaso et al.,, 2012). The fungal ITS1 region was ampli ed using barcoded primers
ITS1f (5-CTTGGTCATTTAGAGGAAGTAA-3") and ITS2r (5-TGTGTTCTTCATCGATG-

3") (White et al., 1990). PCRs were carried out in 25 | volumes and three technical replicates
using the 2x KAPA Tag Ready Mix (Kapa Biosystems, USA), 0.2 mM of each primer, PCR-
grade water, and 1 | undiluted template DNA. For the ampli cation of the bacterial 16S rRNA
gene fragment, the cycling conditions were as follows: 98C for 3 min, 30 cycles of 95°C for

30 s, 54°C for 30 s, 72°C for 20 s, and a nal extension at 72°C for 30 s. For ampli cation
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of the ITS1 region, the following PCR program was used: 96°C for 5 min, 30 cycles at 96°C
for 60 s, 58°C for 60 s, 74°C for 60 s, and 10 min at 74°C. Technical replicates were pooled
and combined in equimolar concentrations. Three samples could not be ampli ed for the fungal
marker gene. The amplicon library was puri ed using the Wizard SV Gel and PCR Clean-Up
System (Promega, Madison, WI, USA) before being sent to the sequencing provider Novogene
(Cambridge, UK) for library preparation. Sequencing was done on an lllumina NovaSeq 6000

platform (2 x 250 bp paired-end reads).

5.3.4 Quantitative real-time PCR

For quanti cation of 16S rRNA gene copy numbers and ITS1 fragments, a quantitative real-time
PCR (gPCR) was performed using the universal primers 515f and 806r and ITS1f and ITS2r,
respectively. The PCRs were performed in triplicates and the reaction mix contained 5 | KAPA
SYBR Green (Kapa Biosystems, USA), 0.5 | of 10 M primer, 3 | PCR-grade water, and 1

| template DNA (1:10 diluted in PCR-grade water). For the ampli cation of the bacterial 16S
rRNA gene fragment the following program was used: 95C for 3 min, 40 cycles at 95°C for 5 sec,
54 °C for 20 sec, 72°C for 5 sec, and a nal extension at 72°C for 15 sec. For the ampli cation
of the fungal ITS region, the same protocol was applied, except for the primer annealing step,
which was at 58 °C. Fluorescence intensities were quanti ed with the gTOWER 3G (Analytik
Jena, Germany). The gene copy numbers found in the negative controls were subtracted from the
samples (Wassermann et al., 2022). For the standard, genomic DNA from Pantoea agglomerans
or Fusarium oxysporum was extracted and subsequently ampli ed using either the primer sets
515f/806r or ITS1f/ITS2r, respectively. Standard curves were generated through serial dilutions

of the puri ed PCR products with known copy numbers.

5.3.5 Chemical analysis

To investigate the di erences between the crops, it was vital to analyse the di erent plant compo-
nents. For this, fresh and visibly senescent crop residues from both, annual and perennial wheat
were collected from the soil surface. The collected samples were cleaned from adhering soil par-
ticles, dried and ground. Fibre composition was measured using a Fibretherm FT12 system
(C. Gerhardt GmbH, Konigswinter, Germany). The composition of the plant fractions concern-

ing raw starch, acid detergent bre (ADF), neutral detergent bre (NDF) and acid detergent
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lignin (ADL) to estimate the structural components hemicellulose (NDF-ADF), cellulose (ADF-
ADL), lignin (ADL) was determined according to the guidelines of VDLUFA (Verband Deutscher
Landwirtschaftlicher Untersuchungs- und Forschungsanstalten e. V. (VDLUFA), 2012d; Ver-
band Deutscher Landwirtschaftlicher Untersuchungs- und Forschungsanstalten e. V. (VDL-
UFA), 2012a; Verband Deutscher Landwirtschaftlicher Untersuchungs- und Forschungsanstal-
ten e. V. (VDLUFA), 2012b; Verband Deutscher Landwirtschaftlicher Untersuchungs- und
Forschungsanstalten e. V. (VDLUFA), 2012c). Additional parameters like total carbon (%C)
and nitrogen (%N) contents, as well as the resulting C/N ratio were investigated after combus-
tion at 1100°C using an elemental analyser (Vario EL Cube, Elementar GmbH, Langenselbold,
Germany). Sieved (<2mm) and air-dried soil were mixed with calcium lactate and acetate after
the method of Schiiller (1969) to measure plant-available phosphorus (CAL-P) for the earthworm
casts and the surrounding bulk soil. Total carbon (TC) and nitrogen (TN) contents were anal-
ysed with an elemental analyser (Vario EL Cube, Elementar GmbH, Langenselbold, Germany)

after combustion at 1100°C.

5.3.6 Data analysis and statistics

The amplicon sequencing data was demultiplexed, followed by the removal of primer sequences
and low-quality reads using cutadapt (Martin, 2011). The DADAZ2 algorithm within QIIME2

was used to perform quality Itering, denoising, and removal of chimeric sequences (Bolyen et al.,
2019; Callahan et al., 2016). The resulting representative sequences (amplicon sequence variants
(ASVs)) were classi ed using the vsearch algorithm against the SILVA v132 database for bacteria
and UNITE V 7.0 for fungi (Abarenkov et al., 2010; Pruesse et al., 2007). A corresponding
phylogeny tree was built in QIIME2 with the plugin g2-phylogeny. A total of 8,829,512 bacterial
and 6,439,007 fungal reads were obtained following quality Itering and removal of non-target

sequences. These reads were assigned to 22,111 bacterial and 3,806 fungal ASVs.

Microbial community analysis was conducted using the package Phyloseq (McMurdie and Holmes,
2013) and statistical analysis was performed using R (R Core Team, 2022) within the R stu-
dio environment (Posit team, 2020). Prior further statistical analysis the datasets were rare ed

to 110,000 reads for bacteria and 40,000 reads for fungi. Consequently, a total of six bacte-
rial samples were excluded due to low read counts under these parameters. These values were

selected as a compromise between sequencing depth and the retention of biological replicates
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(Fig. A12). Signi cant di erences in the microbial alpha diversity were assessed using Kruskal-
Wallis test. Comparisons between groups were conducted using the pairwise Wilcoxon test and
p-values were adjusted for multiple testing using false discovery rate correction. For beta diver-
sity analysis UniFrac distance matrices were computed based on the rare ed datasets. Pairwise
PERMANOVA was calculated using the function pairwise.adonis from the package pairwiseAd-
onis (Martinez Arbizu, 2020). Results were visualised by principal coordinates analysis (PCoA)

based on UniFrac distance matrices.

The decomposition rate k was calculated using Olson's model for a system with decay but no
production and solving for k (Olson, 1963), with t being the respective duration of the experiment

[d] and X being the amount of substrate [g] left at the end and at the beginning Ko):

In(55)

—

Analysis of the decomposition and the earthworm casts were performed using RStudio version
2023.6.1.524 (Posit team, 2023). Values for the decomposition rate were log transformed prior
to statistical analysis since the values ranged from 0 to 1. Signi cant di erences were assessed
with the help of a Generalised Linear Mixed Model using the ‘Imer4' package (Bates et al.,
2015). The replicates served as random e ect, while the added earthworms and substrate were
considered as xed e ects. The interactive e ect of the added earthworms onto the substrate was
accounted for. For the model of the parameters, the corresponding parameter was considered as
the xed e ect, while the replicates served again as random e ects. The interaction between the
parameter and the added substrate was accounted for. Finally, the resulting graphs were created
using “ggplot2' (Wickham, 2016). The respected signi cance levels werep 0:1 (°); p  0:.05
(*); p 0:01(*); p 0:001 ().
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5.4 Results

5.4.1 The e ect of substrate composition on earthworm uptake and

decomposition

The bre analysis revealed higher values of lignin and starch for IWG for both litter and root
components; especially the roots from IWG showed high amounts. For example, the lignin
content of roots was double as high for IWG relative to annual wheat (Table 5.2). Starch
content was 28- or 1.6-fold higher for roots and litter, respectively, reaching values of 0.1 % for
annual and 2.8 % for perennial roots. Cellulose and hemi-cellulose contents were similar for both
substrates with values around 30 % for root samples and 18 % for litter samples. The C/N ratio
was lower for IWG compared to annual wheat for both litter and root samples. Accordingly, the

carbon and nitrogen content for IWG was higher compared to annual wheat.

Table 5.2: Substrate composition of both cropping systems and plant compartments used.

Root Litter
Annual Perennial Annual Perennial
Starch [%] 0.1 2.8 0.7 1.1
Hemi-cellulose [%)] 30.2 31.6 18.9 18.4
Cellulose [%] 30.8 30.9 20.9 22.7
Lignin [%] 7.5 14.3 2.6 3.8
%C 26.6 38.5 37.8 42.1
%N 0.4 0.9 0.6 1.0
C/N 67.9 42.9 69.4 427

The analysis of the decomposition rate after Olson (1963) combines the in uence of microor-
ganisms (‘without EW") or a mixture of earthworms and microorganisms (‘with EW') onto the
decomposition of the di erent plant compartments (Fig. 5.1). The trend in decomposition activ-
ity between the two cropping systems was similar for both substrates, with IWG achieving higher
decomposition rates than annual wheat (" Litter with EW' p = 0.01; "Roots with EW' p = 0.023;
"Roots without EW' p = 0.024). Concerning the e ect of earthworms on the decomposition of
the substrates, it was obvious that for the litter experiment, the decomposition rate was higher
for the earthworm treatment than for the one without (p = 0.004 for IWG; Table A6). Trends

for the root experiment were non-signi cant.

Generally, earthworm casts were signi cantly enriched with nutrients compared to the surround-

ing bulk soil, except for the C/N ratio of the root experiment with annual wheat. For CAL P,
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the data of the annual litter experiment was highly scattered, making it di cult to identify a
trend (Fig. 5.2). However, the median for IWG was lower than for annual wheat for the root
experiment (p = 0.001). Interestingly, there were more casts produced in both treatments of
annual wheat relative to IWG with a di erence of 12.53 g for the roots and 6.51 g for the litter
experiment in earthworm cast weight (Table A8). The C/N ratio in the casts was higher in IWG
than in annual wheat (p = 0.001 and p = 0.08, for litter and roots, respectively). The bulk soil,
however, had a higher C/N ratio for annual wheat (p = 0.047 and p = 0.001, for litter and roots,

respectively).

Figure 5.1: Decomposition ratek for both cropping systems (Annual, Perennial), plant compart-
ments (Litter, Roots) and treatments (with Earthworms, without Earthworms). Signi cance

levelsare: p>0.1(ns.);p 01(¢);p 005();p 0.01(.
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Figure 5.2: Plant-available potassium (A) and C/N ratio (B) for the sampled earthworm casts
from both cropping systems (Annual, Perennial) and plant compartments (Litter, Roots). Sig-
nicance levelsare: p>0.1(ns.);p 01();p 0.05(*);p 0.01(%);p 0.001 (***).
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5.4.2 The impact of earthworms and substrate type on soil microbial

community composition, diversity and abundance

A total of 8,829,512 bacterial and 6,439,007 fungal reads were obtained following quality Itering
and removal of non-target sequences. These reads were assigned to 22,111 bacterial and 3806
fungal ASVs. Overall, the bacterial data set was dominated byActinobacteriota (39.1%), followed

by Proteobacteria (19%) and Acidobacteriota (10.3%) (Figure A13A). The fungal data set was
dominated by Ascomycota (82.1%) and Mortierellomycota (13.3%) (Figure A13B).

No signi cant di erence was observed for the soil microbial community compositions (Table A9)
or diversity (Kruskal-Wallis: Bacteria: p = 0.385, Fungi: p = 0.832) between samples with
earthworms and those without (Table A9). The plant (annual vs. perennial) (R? = 0.056, p =
0.006) and substrate (litter vs. roots) (R? = 0.147, p = 0.001) type both signi cantly in uenced
the soil bacterial community composition, while the soil fungal community composition was only
in uenced by the substrate type (R? = 0.236, p = 0.001) (Table A9). Following a pairwise
PERMANOVA we observed that there was no signi cant di erence in the bacterial and fungal
communities between the annual and perennial litter, however both had a di erent bacterial com-
munity compaosition compared to the starting soil (p = 0.01) (Table 5.3, Fig. 5.3A+B). Similarly,
we observed di erences in the bacterial (p = 0.01) and fungal (annual: p = 0.03, perennial: p =
0.01) community compositions compared to the starting soil for the root substrates. In addition,
there was a signi cant di erence in the soil bacterial community composition between the annual
and perennial substrates (p = 0.01) (Table 5.3, Fig. 5.3A+B).

Table 5.3: Pairwise adonis results on the e ects of the substrate type on bacterial and fungal
community compositions with signi cant di erences in bold.

Bacteria Fungi
R?2 p-value R 2 p-value
Litter Annual vs. Litter Perennial  0.063 0.99 0.062 1
Litter Annual vs. Starting soil 0.116 0.01 0.078 0.07

Litter Perennial vs. Starting soll 0.105 0.01 0.067 0.21
Roots Annual vs. Roots Perennial 0.079 0.01 0.067 0.82
Roots Annual vs. Starting soil 0.098 0.01 0.084 0.03
Roots Perennial vs. Starting soll 0.08 0.01 0.077 0.01
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Figure 5.3: The e ect of substrate type on the microbial community composition, diversity and
abundance. (A) Bacterial and (B) fungal community structure visualised with a PCoA plot based
on Unifrac. Detailed statistics to the variation explained by the substrate types are provided in
Table 5.3. (C and D) Bacterial and (F G) fungal alpha diversity metrices depicted as Shannon
H' and number of observed ASVs. (E) Bacterial and (H) fungal abundance per gram soil was
assessed with gPCR. Signi cance levels were determined by Kruskal-Wallis test and are assigned
as followed: p>0.1(ns.);p 01();p 005();p 0.01(*;p 0.001 (***). Signi cant

di erences (p < 0.05) between the treatments were determined by pairwise wilcoxon rank sum

tests and are indicated by lowercase letters.
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The addition of a plant substrate resulted in a higher soil microbial diversity (bacteria: p =
0.00007; fungi: p = 0.037) and richness (bacteria: p = 0.00008; fungi: p = 0.015) compared
to the starting soil. No signi cant di erences were observed in microbial diversity, richness
or abundance between annual and perennial litter (Fig. 5.3C-H). However, the perennial root
substrate exhibited a higher bacterial diversity, but not richness, compared to the annual root
substrate (Fig. 5.3C+D). The root substrate, but not litter, resulted in a greater abundance
of bacteria and fungi compared to the starting soil (Fig. 5.3E+H). Additionally, the perennial
root substrate demonstrated a signi cantly higher bacterial abundance than the annual root
substrate, whereas the opposite trend was observed for fungal abundance. However, there was
no correlation found between bacterial and fungal abundance in the root substrates (annualR?

= 0.06; perennial: R? = 0.04) (Fig. A14A). A positive correlation was found for the abundance
of bacteria and fungi for the starting soil (R? = 0.66) and the litter samples (annual: R? = 0.72;
perennial: R? = 0.96) (Fig. A14A). While the ratio between the bacterial and fungal abundance
was similar for both plant genotypes for the litter, the IWG root substrate showed a higher ratio

of bacteria to fungi compared to the annual wheat root substrate (Fig. A14B).

5.5 Discussion

5.5.1 Faster decomposition and enhanced nutrient storage for IWG

compared to annual wheat

Both substrates showed a faster decomposition rate for IWG compared to annual wheat, although
the lignin content of both litter and roots was remarkably higher. Contrary to our hypothesis,
IWG was characterised by a lower C/N ratio of litter and roots, which makes it at least an easily
available substrate for decomposition and uptake of soil fauna (Flegel and Schrader, 2000). The
lower C/N ratio, in contrast to other perennial crops like Miscanthus (Felten and Emmerling,
2011) or cup plant (Wohl et al., 2023), results from the growing characteristics of IWG. As it

is a perennial grass species, the crop does not get ploughed back into the soil after harvest or
treated by fungicides and herbicides (Peters et al., 2022). This is an integral part of a perennial
cropping system and creates a diverse environment with an interplay of weeds and other grass
species (Duchene et al., 2023; Feledyn-Szewczyk et al., 2019). It is therefore most likely that the

surrounding weed species are contributing to the lower C/N ratio for IWG. The sole crop may
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as well have a wide C/N ratio but since it is close to impossible to sample only IWG without
the weaved in weed and grass species, we had to reject our rst hypothesis. Additionally, the
increased storage of nutrients (C, N) in the root system of IWG as a perennial crop (Cadoux

et al., 2014; Ruf and Emmerling, 2022) contributes to a lower C/N ratio overall.

Lignin is a recalcitrant substance in nature (Ruiz-Duefias and Martinez, 2009) and is therefore
more commonly found in deeper than shallow roots (Prieto et al., 2015), as those stay longer in
the soil and need to withstand decomposition. Additionally, the plants need to store necessary
nutrients for regrowth such as N, P, Ca, and Mg in the case of perennial plants (Ruf and
Emmerling, 2022). Moreover, through higher amounts of C in roots, perennial plants contribute
signi cantly to climate change mitigation (Cadoux et al., 2014). Although lignin is recalcitrant,
speci ¢ types of fungi are known to degrade it (Dashtban et al., 2010). As the soil was defaunated
before the experiment, it could have modulated the microbial community, therefore not depicting
the same trend and rather being dominated by bacteria. However, a previous study showed
the preference for a fungal decomposition pathway in IWG due to the increased abundance of
fungivorous nematodes (Forster et al., 2024). It can therefore be assumed that the high amount
of lignin for IWG does not hinder its degradation in the natural environment due to the help of
fungi. The starch content was higher in perennial than annual roots. We thus con rm results
from a study of De Souza and Da Silva (1987), with IWG roots having a 28-fold higher starch
content than annual wheat. This is probably correlated to the perennial nature of the roots again
as starch is used as an energy storage for the plant (Sco eld et al., 2009), which can then be
used for regrowth. In comparison, annual wheat e ectively stores its nutrients into the kernels

to produce the highest yield possible, after years of hybridisation and domestication.

5.5.2 Increased earthworm cast production for annual wheat may in-

dicate nutrient limitation

There was a nutrient enrichment for all treatments, as earthworms are known to accumulate
nutrients in their casts, including phosphorus, carbon and nitrogen (van Groenigen et al., 2019).
The enrichment of CAL-P, for example, is very important since the plant cannot e ectively take
up phosphorus due to its strong bonding properties to minerals and often low amounts in the
soil solution (Amadou et al., 2022; Vos et al., 2019).

The greater production of casts for the annual wheat treatment is most likely due to the nutrient
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limitation, especially nitrogen, in the substrate, which results in an increased turnover in the soil
and therefore more ingestion of soil and more cast production to get enough nutrients (Flegel
and Schrader, 2000). The increased cast production in annual wheat may as well have resulted in
more phosphorus incorporation and egestion into the casts as nitrogen was the primary focus for
the feeding on the substrates. This trend was only visible for the root experiment, as the litter
experiment data did not reveal a clear trend. Nevertheless, the median of IWG was higher than
for annual wheat, correlating to the increased decomposition rate and the associated phosphorus

incorporation in the earthworm casts.

The root experiment with annual wheat was the only variant to yield a lower C/N ratio in the
casts compared to the bulk soil. The litter experiment had higher C/N ratios sincel. terrestris
tends to favour denitri cation processes in the soil (Xue et al., 2022), which results in lower
nitrogen values and therefore a higher C/N ratio. The previously mentioned increased cast
production for annual wheat in the root experiment may explain the low C/N ratio due to the
increased nitrogen mineralisation through A. caliginosa, an endogeic earthworm species (Lang
et al., 2023). The IWG roots showed only a slight increase in the C/N ratio in the earthworm
casts compared to the bulk soil. This may be related to the higher nitrogen content of the roots,

which could correspond to reduced soil ingestion by the earthworms as nitrogen was not limited.

5.5.3 The dierences in the microbial communities between IWG and

annual wheat are most pronounced in the root substrate

Previous research has demonstrated that earthworms can in uence soil bacterial communities,
diversity, and abundance, in varying directions (Gong et al., 2018; Medina-Sauza et al., 2019;
Sofo et al., 2023). In the present study, no di erences were observed in microbial diversity,
community composition, or abundance between the treatments with and without earthworms.
According to Medina-Sauza et al. (2019), laboratory studies indicate that earthworms can have
variable e ects on microbial abundance and activity, whereas in eld settings they tend to show

a more positive impact. They further synthesized that the e ect of earthworms on soil microbial
communities depends, besides the substrate type and soil used, also on the functional group of the
earthworms (Medina-Sauza et al., 2019). While anecic (and epigeic) earthworms showed a com-
parable proportion of negative, neutral, and positive e ects on microbial abundance, endogenic

earthworms tended to have predominantly negative or neutral e ects. The earthworm group,
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together with the laboratory settings, may possibly explain the neutral e ect of the earthworms

observed within the implemented experimental setup.

Both the plant genotype (annual vs. perennial) and substrate type (root vs. litter) accounted for
certain variations in the bacterial community composition; however, only the latter signi cantly
in uenced the fungal community structure. Furthermore, di erences between the two plant geno-
types were detected in the bacterial community composition solely in the root substrate, and
not in the litter substrate. In accordance, a higher bacterial diversity was only observed in the
root substrate. Interestingly, previous research studying di erences in bacterial endophytes of
IWG and winter wheat revealed similar trends. Speci cally, di erences in the bacterial commu-
nity composition and higher diversity in IWG were observed only among the root endophytes,
while aboveground compartments, such as stems and leaves, exhibited no signi cant di erence
in diversity (Michl et al., 2025). The higher bacterial diversity in the root substrate of IWG may
contribute to the increased diversity observed in the underlying soil, as plant endophytes can

potentially enter the soil during the decomposition process.

As previously described, the close interplay of weed and grass species with IWG creates a lower
C/N ratio for the perennial substrate used in this experiment. Resultantly, we found a higher
bacterial diversity in the treatment with the IWG root substrate in addition to a higher bacterial
abundance, resulting in a signi cantly lower ratio of fungi to bacteria. This is in contrast to
recent literature where the root system of perennial crops had higher C/N ratios compared to
annual crops (Li et al., 2025). Nonetheless, a higher decomposition rate was identi ed for IWG,
indicating either a predominance of bacteria-driven decomposition processes or, as previously
hypothesized, the contribution of root exudates accumulated over several years in the rhizo-
compartments in IWG, which may boost enzymatic activity and facilitate faster decomposition
(Bertola et al., 2023).

5.5.4 Limitations of the lab experiment and applicability under eld

conditions

This laboratory experiment harboured several limitations compared to a eld study. These

include the following:

108



Bene cial substrate composition and increased nutrient retention for IWG

1. The study lasted approximately 8 weeks to minimise any potential negative side e ects such
as the death of earthworm individuals which increase with the duration of the study. This
may not be su cient to fully capture the long-term decomposition dynamics of peren-
nial and annual wheat residues. A longer study would provide deeper insights into soil

microbiome shifts and nutrient cycling over time.

2. Soils used for laboratory experiments were defaunated beforehand to ensure that the later
measured e ects were only in uenced by the added substrate. This process, however, could
have in uenced the microbial composition and activity of the soil, as well as the nutrient
supply for the earthworms. To ensure that the e ect was not too drastic, the earthworms
were placed into the investigated soil for a week prior for acclimatisation. This was done
to empty their guts from previous eaten substrates so that the cast analysis would only

show the desirable changes from the added substrates.

3. Decomposition is a complex interplay between the substrate, soil biotic and abiotic factors,
and the environment. In particular, microorganisms are in uenced by seasonal changes
which are not represented in laboratory settings. Furthermore, it was found that microbial
diversity increases in the process of decomposition (Tlaskal et al., 2016; Vo°i2kova and
Baldrian, 2013). A single sampling time point may provide an incomplete picture of the
variations in the decomposition of the di erent substrate types in particular since we were
interested in studying a perennial cropping system. The continuous deposition of litter
but also root exudates and root turnover in perennial cropping systems may have a great
impact on the underlying soil organisms, factors which could not be comprehended in this

study design.

4. The containers had a limited size, which could have hindered earthworm activity. Nev-
ertheless, it was ensured that the feeding preference of the used earthworm species were
re ected in the shapes of the containers with the deep-burrowingL. terrestris being given

a cylindrical container and the shallow-burrowing A. caliginosa a cuboid container.

However, we argue that the conclusions drawn from this experiment can still be transferred to
nature. Our lab experiment allows for a suitable representation of a perennial cropping system
as the elimination of ploughing and pesticide usage creates a tight interplay of the surrounding
weed and herb species. Since it is possible that the sampling included those species as well, as it

is not possible to single out the IWG crop from the surrounding species, the conclusions drawn
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from this experiment may properly represent the natural environment of this cropping system.

5.6 Conclusion

This study provides insights into the decomposition dynamics and soil microbial responses as-
sociated with perennial intermediate wheatgrass (IWG) compared to annual wheat under con-
trolled laboratory conditions. While certain limitations inherent to laboratory studies such

as restricted timescales, defaunated soils, and simpli ed environmental conditions must be ac-
knowledged, the observed trends re ect key ecological processes relevant to perennial cropping

systems.

Despite its higher lignin and starch content, IWG showed faster decomposition rates than annual
wheat, which was largely attributed to its lower C/N ratio likely in uenced by the perennial
cropping system and associated weed species. Earthworm activity enhanced nutrient availability,
particularly phosphorus, and resulted in nutrient-enriched casts, although their e ect on soil
microbial communities appeared neutral under laboratory conditions. This study also expands
the knowledge gained from a previous study (Michl et al., 2025) and con rms that the extensive
root system of IWG has a bene cial e ect on the surrounding ecosystem, as indicated by a more
diverse and abundant bacterial community for the root substrates in comparison to annual wheat.
Furthermore, the increased nutrient retention in the root system suggests IWG as a nature-
based solution for resilient agriculture to counteract the increased nutrient runo in conventional

agriculture.
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6.1 Summary of the main ndings of the respective chapters

6.1.1 Chapter 2

The paper Earthworm populations and diversity under annual and perennial wheat
in a North to South gradient in Western Europe analysed earthworm communities in
annual and perennial wheat (IWG) in a transect from South France over Belgium to South

Sweden.

IWG was characterised by higher earthworm abundance and biomass values, as well as increased
species diversity (Hypothesis 13 The no-till management most likely played a role in that
trend as it eliminates the disruption of their habitat. Related to this, epigeic species, which
inhabit the litter layer, were only present in IWG, bene tting from the increased soil coverage
(Hypothesis 1b). Endogeic species, on the other hand, were most likely supported by IWG
cultivation because of the more extensive root system, which serves as a reliable food source.
Unfortunately, the CCA (Canonical Correspondence Analysis) did not reveal di erences between
the two cropping systems, annual and perennial wheat, in relation to selected soil parameters
(Nitrogen, Carbon, C/N ratio, pH, water holding capacity). However, as the denser and deeper
root system of IWG is known to x and store nutrients more e ciently than annual wheat, it can

be assumed that the improved earthworm diversity is an e ect of the improved soil functioning

(Hypothesis 19.

The bene cial e ects of IWG cultivation on soil fauna community distribution and diversity were
present for all three countries, which indicates that the di erent soil and climatic conditions of
the study sites did not interfere with the improvements by perennial wheat. This o ers the

possibility of transferring the results onto other study sites as well.
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6.1.2 Chapter 3

The paper Nematode community structure suggests perennial grain cropping cul-
tivation as a nature-based solution for resilient agriculture investigated the usage of
nematodes as bioindicators to detect early and sensitive changes in the food web in annual and

perennial wheat.

Perennial grain promoted the existence of structure indicators (Hypothesis 2p including preda-
tor and omnivore nematodes. Since they are sensitive to changes in the soil ecosystem, they
increase under no-till management. Annual wheat, on the other hand, mainly accommodated
for enrichment indicators because of the increased disturbances in the soil and the occurrence
of labile organic matter. The metabolic footprint takes the production component (biomass,
egg production) and the respiration component (metabolic activity) into account and describes
the carbon utilisation and in uence on ecosystem functioning by nematodes. As the values were
higher for structure indicators, as those trophic levels are large in size, one could argue that IWG
may show increased carbon utilisation. Additionally, it had increased occurrences of fungivorous
nematodes, which correspond to a heterogeneous resource system with e cient carbon and ni-
trogen cycling in the soil (Hypothesis 28. The increased occurrence of root-feeding nematodes
resulted in a higher PPI, probably due to the increased surface cover through the litter layer.
Soils under annual wheat had a bacterial dominated nematode community, showing increased
soil enrichment and fertility because of the labile organic matter present in the system. The
investigation of the subsoil revealed potentially more structure indicators, as well as increased
carbon utilisation by root feeding nematodes in the subsoil for IWG (Hypothesis 2§, indicating

a more profound root system.

After investigation the suitability of IWG as soil fauna habitat (Chapter 2), nematode analysis
allowed for the examination of the food web structure. As the above-mentioned bene ts of IWG
on the soil food web were already present after a cultivation of 3-6 years, this cultivation could be
suggested for erosion prone or marginal lands, improving nutrient cycling and creating favourable

conditions for a resilient agriculture in the future.

114



Synthesis

6.1.3 Chapter 4

The paper The microbiome of a perennial cereal di ers from annual winter wheat
only in the root endosphere compared three plant compartments (roots, stems, leaves)
between the two cropping systems over two growth stages ( owering, tillering) to inspect their

endophytic microbial compositions and diversity.

In general, IWG had greater microbial diversity and richness in comparison to annual wheat
(Hypothesis 39. It was discovered that the main di erences between annual and perennial
wheat stemmed from the microbiome of the roots. The above ground microbiome was mainly
in uenced by the sampling time. That is because of the perennial life cycle where IWG regrows
each vegetation period from the roots, meaning that the root microbiome is continuously being

shaped by the host, creating high bacterial diversity (Hypothesis 3 Hypothesis 39 and greater

symbiotic relationships, resulting in a bene cial feedback loop for the crop. In contrast, the root
system of annual wheat is more prone to environmental disturbances (e.g. tillage). The above
ground material, on the other hand, must regrow each year for both crops, resulting in comparable
values for IWG and annual wheat. Additional to the increased diversity, the microbiome of IWG
showed greater network complexity and stability with high connectivity (Hypothesis 3d). This
followed a North to South gradient with Sweden having the lowest and France the highest network
complexity. Soil parameters showed varying e ects on the endophytic microbial community
(Hypothesis 39. For example, the alpha diversity of the roots was positively correlated with soil

microbial C/N, respiration and dehydrogenase activity.

Overall, the root-endophytic microbiome of IWG was characterised by greater diversity, com-
plexity and connectivity. This shows the high stability of the system, simiar to results from
Chapter 3 and the possible resistance against abiotic stress, labelling IWG cultivation again as

a valuable option for a sustainable and resilient agriculture in the future.
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6.1.4 Chapter 5

The paper Decomposition of litter and root residues from perennial intermediate
wheatgrass governed by the soil microbiome and di erent earthworm species inves-
tigated the e ect of perennial and annual wheat substrate (litter, roots) on the decomposition

performed by earthworms and microbes.

The substrate composition of IWG revealed higher lignin and starch values, especially for the
roots, compared to annual wheat. This is related to the perennial nature, as starch serves as
an energy storage for regrowth. Annual wheat, on the other hand, stores its nutrients in the
kernels, as seen in the litter samples. The higher lignin content correlated to a more resistant
root system, since the roots have a longer residence time in the soil, requiring increased nutrient
retention. This was also re ected in the microbial diversity, as di erences between the cropping
systems were only present in the root endophytes, with greater diversity for IWG (Hypothesis 45,
similar to results from Chapter 4. The increased contents of carbon and nitrogen in the root
system decreased the C/N ratio, contrary to our hypothesis (Hypothesis 43 which resulted in a
faster decomposition compared to annual wheat. Correspondingly, the microbial community was
dominated by bacteria with a higher ratio of bacteria to fungi for the root substrate. This might
be correlated to the conditions of the experiment (laboratory versus eld), as a previous study
(Chapter 3) showed a fungal dominated decomposition pathway under IWG because of the high
lignin content of the crop. The faster decomposition might also be correlated to the support of
root exudates under IWG, which might have boosted enzymatic activity. Di erent than expected,
there was no interactive e ect between earthworms and microbes onto the decomposition rate
(Hypothesis 4b), which might again be due to the laboratory conditions of the experiment, among

other factors, as these two groups normally in uence each other in a eld setting.

After investigating the soil biota composition along the size gradient of macrofauna (Chapter 2)
to microfauna (Chapter 3) and nally microbes (Chapter 4), this paper strived to examine the

di erences in substrate composition of IWG and annual wheat and its e ect on the decomposition.
Despite the limitations of a lab experiment, the results allow for a suitable representation of a
IWG system, as it shows a tight interplay of weeds and other grass species, due to the perennial
management, resulting in a low C/N ratio and, correspondingly, a faster substrate uptake. The
bre analysis performed for this experiment characterised IWG with increased nutrient storage

capacity, supporting its use to reduce nutrient runo in current conventional agriculture.
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6.2 Discussion

The e ect of perennial cultivation on the soil is already well investigated (Chapter 1). However,

the e ect of perennial crops (IWG), especially perennial grain, on soil fauna and the endophytic
microbiome is still mostly unresearched. This was one of the focuses of the NAPERDIV Project
(‘Nature-based perennial grain cropping as a model to safeguard functional biodiversity towards
future-proof agriculture’), which is an EU-Biodiversa-Project, aiming to establish the base for

novel eld management guidelines and techniques for the implementation of perennial grain
crops. The di erences between annual wheat and IWG were investigated at three study sites in
southern France, Belgium and southern Sweden, to account for e ects of di erent basic conditions
(including climate and soil). This range of framework conditions over a Pan-European transect
allows for the investigation of the adaptability of the crop to various study sites. As IWG develops

an extensive root system, the investigation of two depths was of interest as well, both for the

nematode and soil analysis.

In addition, factors not addressed in the above publications (Chapters 2-5), such as disservices
and the reintegration of perennial elds into annual cropping cycles (‘legacy e ect’), are assessed
in the following subchapters to provide a complete picture of perennial cereal cropping for better

integration into today's agriculture.

6.2.1 What is the impact of perennial wheat on the soil ecosystem and

its biodiversity?

The bioindicators used in this dissertation follow along the size gradient in the soil ecosystem,
starting with earthworms (macrofauna), followed by nematodes (microfauna) and nally mi-

croorganisms (endophytic microbes). This allows for an analysis of a potential top-down or
bottom-up regulation in the soil food web. Generally, a top-down regulation entails pressure of
higher trophic groups that is exercised onto lower trophic groups, while a bottom-up regulation
would mean the transfer of resources from lower to higher trophic levels (David et al., 2017).
However, it is important to mention that both controls occur simultaneously in nature (David

et al., 2017) as the ecosystem strives to be in equilibrium.

Organic amendments, which may include plant material, have a bottom-up e ect on the soil food

web, as it may positively in uence microorganisms and nematodes by providing vital nutrients
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(Treonis et al., 2010). This shows that the increased surface cover for IWG may again be
bene cial to the soil ecosystem and its biota. The all year-round surface cover however also
promotes the occurrence of plant-parasitic nematodes (Puissant et al., 2021; Chapter 3). Here,
the regulator actions of earthworms and nematodes of higher trophic systems may aid in the
biological control as they may put pressure onto the population of plant-parasitic nematodes
through top-down regulation (Senapati, 1992; DuPont et al., 2010; Demetrio et al., 2019), which
bene ts plant health and productivity. The magnitude of this controlling power is dependent
on the ecological category and density of earthworms, with anecic earthworms exerting greater
pressure onto nematodes than endogeic or epigeic earthworms (Demetrio et al., 2019). Generally,
earthworms can also stimulate the growth of the nematode population through their nitrogenous

excretory material (e.g. mucus) (Senapati, 1992).

The studies (Chapters 2-5) conducted for this dissertation showed that IWG may be a bene cial
crop for the soil ecosystem on multiple scales; from macro- (Chapter 2; Chapter 5) to microfauna
(Chapter 3) and nally the endophytic microbiome (Chapter 4, Chapter 5). One of the reasons
may be the low C/N ratio, which is 42.9 in comparison to 67.9 for annual wheat (values exemplary
for the root substrate; Chapter 5) and preferred by earthworms (Ernst et al., 2009), resulting in

higher abundance, biomass but also diversity (Chapter 2).

Another bene t of IWG cultivation is the exclusion of disturbances through no-till cultivation.
This was indicated by the promotion of earthworm abundance, biomass and diversity, more
speci cally by the occurrence of epigeic species (Chapter 2), as they are most exposed to land
use changes through their habitat (litter layer). Additionally, selected nematode indices (e.g.
SI) and microbiome analysis show a more complex, connected and structured food web under
IWG (Chapter 3; Chapter 4), which can only be formed without disturbances, as is the case for
perennial cultivation (Ferris and Ferris, 1974). This was especially true for the subsoil and the
root samples (Chapter 3; Chapter 4), which may be attributable to the extensive root system
(Duchene et al., 2020). Additionally, the root system of IWG showed greater microbial diversity
and abundance compared to annual wheat (Chapter 4; Chapter 5). Since the root endophytic
microbiome showed greater diversity (Chapter 4), it may relate to improved resistance of the
host plant against abiotic and biotic stress, which includes the promotion of nutrient acquisition
for plant growth (Garcia-Latorre et al., 2021). The interplay of the root exudates might also

help boost enzymatic activity under IWG (Bertola et al., 2023; Chapter 5).
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The more extensive root system for IWG compared to annual wheat was also indicated by the
promotion of endogeic earthworm species (Chapter 2). In addition, IWG had a higher occurrence
of root-feeding nematodes, especially in the subsoil (Chapter 3), again possibly representing the
denser root system. As the roots in a perennial cropping system have a longer residence time
in the soil, they need to store more nutrients (Ruf and Emmerling, 2022) and be resistant
against fast decomposition. Accordingly, IWG is characterised by higher lignin content as those
compounds are recalcitrant, which is an important requirement for deeper roots, because of their
longer residence time in the soil (Prieto et al., 2015; Chapter 5). Furthermore, the increased
starch content in the roots serves as an energy and carbon storage for regrowth (Sco eld et al.,
2009; Chapter 5). While annual wheat transfers most of its nutrients in its aboveground biomass,
IWG stores them in the roots, since the crop has to regrow each season from its existing root

system. This could also be seen for higher carbon and nitrogen content in the roots (Chapter 5).

A Canonical Correspondence Analysis (CCA) explored the relationship between soil parameters,
which are additional data presented for the rst time in this synthesis, and both cropping systems
over two years (four sampling campaigns) and showed mostly improved soil microbial data (mi-
crobial biomass carbon Cnic ), microbial biomass nitrogen (N ), respiration, dehydrogenase
activity (DHA)) under IWG cultivation (Figure 6.1). The low percentages of the explained vari-
ance and the small coe cient of determination (R?) for the linear models (Table A10) show the
high variability of eld experiments. Nonetheless, eldwork-based research is highly important
as it allows for long-term ecological monitoring or a representation of the natural state of the
respective ecosystem, among other factors (Soga and Gaston, 2025). The percentages &t
however increase once each country is looked at individually (Figure A15; Figure A16; Figure
Al7). The explained variances for axis 1, for example, were 49.4%, 39.3% and 47.5% for France,

Belgium and Sweden, respectively.
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Figure 6.1: Canonical Correspondence Analysis (CCA; Monte Carlo; p-value = 0.003) of the
relationship between selected soil parameters (Cmic = microbial organic carbon, CmicCorg =
Cmic/Corg ratio, DHA = dehydrogenase activity, Nmic = microbial biomass nitrogen, Resp =
respiration, SEA = speci c enzyme activity, TC = total carbon, N = total nitrogen, TOC =

total organic carbon) of all study sites, which are split into the two cropping systems (A = annual
wheat; P = perennial wheat/IWG) and depth (5-15 cm; 25-35 cm). The eigenvalues for Axis 1
and Axis 2 were 0.016 and 0.002, respectively. 22.1% of variance could be explained by Axis 1
and 2.9% by Axis 2.

The soil microbial parameters Cnic , Nmic » DHA, respiration) improved through IWG cultiva-
tion, especially for the subsoil (p = 6.25e-08, p = 2.19e-07, p = 1.27e-11, p = 0.001, respectively;
Table A10), which may relate to the improved soil biota diversity through the extensive root
system (Chapter 3; Chapter 4; Chapter 5). These microbial parameters are more sensitive to
land-use changes than the soil pools (Sparling, 1992; Mijangos et al., 2006; Crews and Rum-
sey, 2017). For exampleNn,c is usually low in mono-cropping systems (Xing et al., 2022) and

therefore also improved under IWG cultivation.

The ratio of microbial biomass carbon to total organic carbon Cmic =Corg) allows for a more

detailed investigation of soil organic matter dynamics in an ecosystem (Sparling, 1992; Anderson
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and Domsch, 1989). IWG cultivation showed increased values (p = 0.071; Table A10), especially
for the subsoil (p = 0.001), possibly indicating a rise in easily available carbon fraction that is

added through organic material (Anderson and Domsch, 1989; Chapter 3). The increase could
also be correlated with extended straw incorporation (Powlson et al., 1987), which may relate to

the higher surface cover under IWG (Chapter 2).

Analysis of the specic enzyme activity (SEA; here: DHA per unit of Cpic) may be more
accurate than DHA values alone, as absolute activities of soil enzymes may be una ected by
land use changes (Raiesi and Beheshti, 2014). SEA values were more correlated with IWG
cultivation, although not signi cantly, except for the France dataset (p = 0.06; Table All).
However, the values were signi cant within IWG cultivation for the subsoil (p = 8.10e-10) which
may indicate a metabolically more active microbiome and a higher enzyme e ciency as also seen

for the increased microbial diversity (Raiesi and Beheshti, 2014; Chapter 4).

Other than expected, parameters of the soil pool (total organic carbon (TOC), total carbon
(TC), total nitrogen (TN)) were not correlated with perennial cultivation. This is surprising

as an increase, although not always signi cant, in those parameters would be expected (e.g.
Means et al., 2022; Shang et al., 2024). The topsoil was especially expected to increase under
IWG due to the greater litter input (Chapter 2), which brings additional aboveground carbon
material. Furthermore, the elimination of tillage would contribute to higher carbon content, as

the aggregates would not be broken down (Weidhuner et al., 2021). But it is also important to

mention that tillage does not always result in SOC losses (Gomez-Mufioz et al., 2021).

This shows the importance of both knowing the current and start (tg) conditions of a cultivated
eld. Without knowing the latter, it may not be accurate to discuss improvements or reductions
in certain parameters, as the eld itself could have already started out with high nutrients,
which would not have changed signi cantly through land-use changes (here: IWG cultivation).
This becomes evident when looking at the France study sites (Chapter 2; Figure A15). Here, the
annual study site already had high TOC and TN contents (p = 0.042 and p = 0.31, respectively),
possibly indicating e ects of historical land-use. The succeeding cultivation of IWG therefore

did not improve the soil conditions as it was already enriched to begin with.

It may also be that the soil pools react slower to changes than microbial parameters (Sparling,
1992; Mijangos et al., 2006; Crews and Rumsey, 2017), as some positive e ects in SOC under

perennial cultivation may only appear after a cultivation period of over ve years (Siddique et
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al., 2023; Sprunger et al., 2018). That is because the in uence of perennial crops on the SOC
pool is not only dependent on climate but also on site-related factors such as soil bulk density,
clay content or the age of the cultivated crop (Ledo et al., 2020). The subsoil carbon stocks
are especially more susceptible to climate than land-use management (Zosso et al., 2023). To
make reliable conclusions about the impact of perennials onto these pools, more specic and
in-depth research needs to be done to investigate all in uencing factors. TN on the other hand
is mainly in uenced by the fertilisation scheme and may not even show signi cant di erences
between annual and perennial cropping systems, even though the latter has greater values in
some studies (Shang et al., 2024; Ruf et al., 2018).

An increased nutrient retention through the dense and extensive root system may improve soil
functioning, as for example represented by the metabolic footprint through nematode analysis
(Chapter 3). IWG showed higher metabolic footprints for higher trophic groups, which may
represent improved carbon utilisation and greater provision of ecosystem services in the system
(Du Preez et al., 2022; Sanchez-Moreno and Ferris, 2018; Chapter 3). The improved nutrient
cycling under IWG could also be indicated by the dominance of the fungal over the bacterial
dominated decomposition pathway (Kane et al., 2023; Chapter 3), which would correlate with
the increased lignin content in the IWG substrates (Chapter 5), as some fungi genera can degrade
it (Dashtban et al., 2010).

Interestingly, the endophytic microbial data presented in Chapter 5 showed the opposite trend
with bacteria dominating the decomposition pathway. It could be that the time of the experiment

in this study (8 weeks) was not enough to recover the microbial community from the defaunation,
but it is also likely that the substrates used for the experiment were not solely originating from
IWG (Chapter 5). IWG cultivation is characterised by no-till cultivation and the exclusion of
pesticides and herbicides, which leads to weeds, herbs and other grass species to coexist with the
perennial grain crop on the eld. It is likely that those species contribute to a lower C/N ratio

and a resultantly bacterial dominated decomposition pathway (Chapter 5).

There was no de nite trend for the vertical distribution (top- versus subsoil). Across all study
sites, Cmic =Corg, respiration and possibly Nnic showed greater values for the subsoil, indicat-
ing the bene cial e ect of no-till cultivation and the more extensive root system, as indicated
by the promotion of endogeic earthworms and root-feeding nematodes (Chapter 2; Chapter 3).
Even though some countries had a higher soil biota diversity (e.g. comparing France to Sweden

for earthworm or endophytic microbial diversity in Chapter 2 and Chapter 4, respectively), all
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showed a positive reaction to IWG cultivation. This Pan-European distribution is also called the
latitudinal diversity gradient, where biodiversity is highest near the equator and decreases to-
wards the poles (Lewinsohn and Jorge, 2024). That was one of the trademarks of this dissertation
project as the examination over various climate and soil conditions allows for the investigation
of possible establishment opportunities of a new crop culture. As IWG showed bene ts for all
study sites, despite di erent climate and soil conditions, it may indicate that the crop itself is

responsible for those bene ts, which shows great transferability to various eld conditions.

A compilation of the analysed bene ts of IWG cultivation on the soil ecosystem with the corre-
sponding bioindicators used in this dissertation are compiled in Figure 6.2. As already mentioned,
IWG is characterised in particular by low management intensity and the resulting high surface
cover as well as a structured food web with high diversity. In comparison, the high management
intensity of annual wheat cultivation results in a low food web structure with a dominance of
bacterivorous nematodes which may correspond to the presence of labile organic matter. The
nutrient cycling in this system and its magnitude of the ecosystem functioning (as represented
by the metabolic footprint) is low, whereas IWG shows the opposite situation, creating an option

for a reliable and sustainable agriculture in the future.
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Figure 6.2: Compiled di erences between annual (left) and perennial wheat (right) for the soil ecosystem and selected soil parameters
(%N = nitrogen content in percent, %C = carbon content in percent, C/N = carbon-to-nitrogen ratio). The term 'microorganisms’
refers to the endophytic microbiome. Vertical arrows represent the di erence between litter and root parameters, as well as top- and
subsoil (Depth | = 5-15 cm); Depth Il = 25-35 cm). *Substrate refers to the combination of root and litter samples
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6.2.2 Disservices and problems

Even though the e ects of IWG on the soil ecosystem are predominantly positive, some disadvan-
tages of the cultivation must also be taken into account. For starters, IWG, as a perennial crop,
is very susceptible to weeds and pests, through its no-till cultivation. The use of pesticides and
herbicides is however not permitted except during the establishment phase (Peters et al., 2022).
Since IWG has a slow establishment phase in the eld, the risk of weed competition may increase
(Duchene et al., 2023; Fagnant et al., 2025). This calls for special management strategies for the
cultivation of the crop. In Switchgrass stands, for example, mowing in early establishment may

reduce the emergence of weeds (Rinehart, 2006).

Another drawback of the no-till cultivation and the elimination of pesticides is the increased
occurrence of plant-parasitic nematodes, which may negatively impact grain yield and nutrient
uptake by the plant (Thompson and Clewett, 2021). This results in a higher PPI for the peren-
nial cultivation (Chapter 3), as tillage is one of the main factors in plant-parasitic nematode
suppression (e.g. Marquez and Hajihassani, 2023). Some plant-parasitic nematode genera in
perennial crops includePratylenchus Helicotylenchus or Hoplolaimus, as it is the case forMis-
canthus x gigantheusand Switchgrass (Mekete et al., 2011). These genera were also present in
IWG cropping (Chapter 3; Table A3), as IWG is also a host plant for many plant parasitic nema-
todes, including Pratylenchus (Gri n, 1996). Damage threshold values for these genera are given

in literature (e.g. Jagdale and Brewer, 2013), which may help to assess the situation given in
the eld. For example, perennial cultivations, such as Miscanthus x gigantheusmay sometimes
exceed the permissible values (Stefanovska et al., 2021), which makes the establishment of reli-
able pest control management urgently necessary. The distribution of plant-parasitic nematodes
correlates to the root distribution within the soil (Verschoor et al., 2001). As IWG develops an
extensive and deep root system of depths up to 2 metres or more (Duchene et al., 2020; Figure
1.1), it can be assumed that the plant-parasitic nematodes may also be present in the deep sub-
soil (Chapter 3). Interestingly enough, herbicide application may also support plant-parasitic
nematode communities as it reduces the abundance of predatory nematodes (Zhao et al., 2013),
therefore reducing the top-down regulation of the food web. Additionally, the application may
induce a shift for the plant-parasitic nematodes to feed on the crop, as it reduces the abundance

of weed hosts, which may then threaten crop productivity (Zhao et al., 2013).
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