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Zusammenfassung 
Wiesen und Grünland gehören zu den artenreichsten Ökosystemen der Welt, sind aber durch 

die Intensivierung der Landnutzung und die Urbanisierung zunehmend bedroht.  

Das Ziel dieser kumulativen Doktorarbeit ist es, die ökologischen Auswirkungen von Mahd, 

Düngung, Beweidung und Isolation von Habitaten mit besonderem Fokus auf Arthropoden und 

auch auf Pflanzen zu untersuchen. Hierbei werden die Ergebnisse von vier verschiedenen 

Studien zusammengefasst, die im Rahmen der Biodiversitätsexploratorien und des Projekts 

BioDivKultur durchgeführt wurden. 

Das erste Kapitel dieser Doktorarbeit untersucht die Bedeutung inter- und transdisziplinärer 

Forschung. Hierbei werden wissenschaftliche Forschung und nicht-akademische Akteure 

zusammengebracht, mit dem Ziel nachhaltige Managementstrategien zu entwickeln und den 

Erhalt der Biodiversität im Grünland mit Landnutzung in Einklang zu bringen. Die Umsetzung 

solcher Ansätze wird anhand der beiden vorgestellten Forschungsprojekte veranschaulicht. 

Das zweite Kapitel stellt einen neu-entwickelten zusammengesetzten Mahdintensitätsindex vor, 

der Mahdhäufigkeit, Maschinentyp und Mähtechnik integriert, um eine standardisierte Bewertung 

der Auswirkungen des Mähens auf die Biodiversität zu ermöglichen. Die Ergebnisse einer 

Beispielanalyse zeigen, dass eine höhere Mahdintensität zu einem Rückgang der Artenvielfalt 

von Pflanzen und Arthropoden führt. 

In einer weiteren Studie, die neben dem Düngungs- und Beweidungsindex auch den neuen 

Mahdintensitätsindex verwendet, werden Arthropoden mithilfe eines quantitativen 

Nischenmodells als Gewinner, Neutrale oder Verlierer entlang der Landnutzungsintensität 

eingestuft. Die Analyse zeigt, dass doppelt so viele Arthropodenarten von der Intensivierung der 

Landnutzung negativ betroffen sind, als davon profitieren. Die Mahd und Düngung haben die 

größten negativen Auswirkungen auf die Arthropodenvielfalt, da es hier die wenigsten Gewinner 

(Mahd) und die meisten Verlierer (Düngung) gibt. 

Im letzten Kapitel wird der neue Mahdindex, diesmal im städtischen Kontext, zusammen mit den 

berechneten Urbanisierungs- und Isolationsgradienten ebenfalls mit einem Nischenmodell 

angewendet. Die anthropogenen Einflüsse auf Pflanzen und Tiere auf städtischen Grünflächen 

zeigen, dass die Fragmentierung und Isolation von Lebensräumen zwar schwer rückgängig zu 

machen sind und erhebliche Auswirkungen auf einige Arten haben, dass aber eine intensive 

Mahd noch größere Konsequenzen hat. 

Die Ergebnisse dieser Dissertation tragen zu einem besseren Verständnis des Einflusses der 

Grünlandbewirtschaftung bei und unterstreichen die Notwendigkeit von Strategien zum Schutz 

der Biodiversität.
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Summary 
Grasslands are among the most biodiverse ecosystems worldwide, yet they face increasing 

pressure from land use intensification and urbanization. This cumulative doctorate thesis 

investigates the ecological impacts of mowing, fertilization, grazing, and habitat fragmentation, 

with a special focus on plant and arthropod communities. It synthesizes findings from four 

research studies conducted within the Biodiversity Exploratories and the BioDivKultur project. 

The first chapter of this doctoral thesis examines the importance of interdisciplinary and 

transdisciplinary research. Scientific research and non-academic stakeholders must be brought 

together to develop sustainable land-use strategies and reconcile the conservation of biodiversity 

in grassland areas with human land use. The two key research projects presented illustrate the 

implementation of such approaches. 

The second chapter introduces a novel compound mowing intensity index that integrates mowing 

frequency, machine type, and mowing technique to provide a standardized assessment of the 

effects of mowing on biodiversity. The results of an example analysis show that a higher mowing 

intensity leads to declines in plant and arthropod species richness. 

In the next chapter, using a quantitative niche model, the mowing index is used alongside the 

fertilization and grazing index to classify winners, losers, or neutral species according to the 

respective land use. The analysis highlights that twice as many arthropod species are negatively 

affected by land use intensification compared to those that benefit. Mowing and fertilizing have 

the most detrimental effects on grassland management for arthropod diversity, showing the 

fewest winners and most losers, respectively.  

The final chapter applies the new mowing index again, this time in an urban context, alongside 

calculated urbanization and isolation gradients also using a quantitative niche model. The effects 

of human pressure on plants and animals on greenspaces show that although fragmented and 

isolated habitats are difficult to reverse and have a major impact on species, intensive mowing 

has a greater impact. 

Overall, the findings of this thesis help to understand the influence of grassland management on 

species they inhabit, especially vulnerable ones, and emphasize the need for targeted 

conservation strategies to balance biodiversity. 



 

8 
 

Acknowledgements 

Working on a PhD is all-encompassing and involves many areas, so I would like to thank the 

many people who have been part of my journey over the past 3.5 years. I have learned an 

incredible amount and am truly grateful for the experience. Perhaps the world is now a slightly 

better place for grassland biodiversity.  

▪ First and foremost, Nico, my “doctorfather” (which resulted in a family tree extension), I would 

like to express my gratitude. I truly appreciated our conversations on various topics, your 

unwavering commitment to ensuring that grazing animals were never overlooked, and, of 

course, the enjoyable "Laternchen" evenings. Thank you for giving me the opportunity to travel 

to Ecuador, allowing me to explore not only grasslands but also tropical rainforest orthopterans 

as a side project. 

▪ Micha, my second supervisor, thank you for your jokes and fun conversations, and the much-

needed mental support throughout the challenges of such a large inter- and transdisciplinary 

project. 

▪ Johanna, we spent so much time together, sharing countless conversations and always facing 

the same problems in the same project with the same laptop, as if we were one person ;) Thank 

you for being my office colleague and fieldwork companion — it was my pleasure taking this 

PhD journey with you. 

▪ Nina, thank you for your and Florian’s wonderful hospitality at your beautiful vineyard and for 

always standing behind us, Dokies, with your support. 

▪ Michael, I appreciate your subject-specific expertise and consistently helpful feedback. 

▪ Karin, a special thanks to you for handling all the administrative tasks: "Dienstreiseantrag," 

"Auszahlung unbar," and "Reisekosten unbar" as well as the finances of BioDivKultur. 

▪ A heartfelt thank you to everyone who supported us during fieldwork, especially Markus, whose 

help was indispensable for our mowing experiments. Thanks also to Nadine and Monika, and 

to all the students and Andrea who sorted insect samples, particularly Dennis, for his 

perseverance with the GIS work. Of course, I am also deeply grateful to the workshop team 

for their invaluable support. 

▪ A big thank you to the entire BioDivKultur team for this incredible and highly motivated project, 

which produced around 1,000 different products: Nadja, Alfred, Markus, Dorothea, Johanna, 

Florian, Sonja, Onno, Scarlett, Hanna, Angelika, Niko, Brigitte, Sinja, Astrid, Karin, Anke 

& others already mentioned above—working with all of you has been a privilege.  

▪ Thanks to my fellow Dokies, we were a fantastic group, sharing many fun evenings over 

Bembelsche in Frankfurt. Our collaboration on various projects was remarkably productive and 

consistently successful. 



Acknowledgements 

9 
 

▪ Somajo/Kesozofyfuzo, I really enjoyed our trio and will never forget our fun Sekti evenings 

filled with great conversations. 

▪ Genny, I will never forget the city tour you gave us during our first visit to Darmstadt. I also 

cherished our chats in the office; you were truly missed when you left. Thank you for the 

numerous invitations. The parties in your beautiful garden were always a delight, as was your 

wedding! 

▪ Timo, I always enjoy our great conversations, and I will cherish our amazing Galápagos trip as 

a valuable memory. 

▪ To my working group, thank you for the nice chats in the coffee room and the great evenings 

spent together, filled with good Darmstädter beer and diverse restaurant visits: David, Sib, 

Katja, Cristian, Edith, Karen, Matteo, Joshua, Arianna, Julian, Jasha & others already 

mentioned above. 

▪ I am also deeply grateful to all my co-authors for the great collaboration on our manuscripts. 

 

▪ Thanks to our friends and family back home for patiently awaiting our return. Also, thank you 

to everyone who visited us in Darmstadt! It truly means a lot to me that you made the journey, 

some of you even multiple times. Your visits brightened our time here.  

▪ Johanna, I’m sorry I missed over three years of your exciting journey growing up. I hope you 

took lots of photos to keep me updated on everything I missed! 

▪ To my Lasagna Girls, thank you for your incredible friendship! I missed you all so much, but 

I’m glad we still managed to organize lasagna nights whenever I was in Vienna. Thankfully, 

voice messages kept us connected, ensuring we could keep up with each other's lives and 

share podcast updates. I also appreciate that some of you proofread my thesis. 

▪ A special thanks to my mom and grandmother for their support, even if they weren’t thrilled 

that I moved even further away and I could only visit them once or twice a year. 

▪ Last but most importantly, Sebastian, thank you for your compromise and for making my time 

in Darmstadt so much more enjoyable. This place felt like home because you were here. You 

took such great care of me, and without a doubt, you were always the best cook. 

 

This thesis was developed within the BioDivKultur project funded by the BMBF 

research initiative FEdA and was part of the Biodiversity Exploratories funded by the 

DFG. 



 

10 
 



 

11 
 

General Introduction 

The Importance of Biodiversity 

Biodiversity is the variety of life which can be defined at genetic, species, and ecosystem levels 

(Wilson, 1988). It faces an unprecedented global crisis, with species extinction rates estimated 

to be 1,000 times higher than they would naturally be without human intervention (Ceballos et 

al., 2015). Scientists warn that we are in the midst of the sixth mass extinction, driven by multiple 

interconnected factors. Human activities such as habitat destruction, land use intensification, 

climate change, pollution, overexploitation, and the spread of invasive species make biodiversity 

loss one of the most pressing environmental challenges of our time (Díaz et al., 2019; Dirzo et 

al., 2014). Among these threats, land use change and habitat destruction are among the most 

significant drivers of biodiversity loss, as expanding agriculture, urbanization, and infrastructure 

development continue to transform natural landscapes at an unprecedented rate (Newbold et al., 

2015; Sala et al., 2000). The degradation of biotopes and landscapes due to homogenization 

aggravates the problem (Benton et al., 2003). 

The loss of biodiversity has profound ecological, economic, and social consequences. 

Biodiversity is the foundation of life on Earth, supporting essential ecosystem functions, including 

pollination, nutrient cycling, climate regulation, air and water purification, soil fertility, and disease 

control (Cardinale et al., 2012). Those ecosystem functions are necessary for food security, 

medicine, economic livelihoods, and human well-being (Díaz et al., 2019). For example, humanity 

relies on pollinators such as beetles, flies, and bees to pollinate many staple crops (Klein et al., 

2006). A decline in pollinator populations threatens agricultural yields, highlighting the 

interconnectedness of biodiversity and human survival. Similarly, diverse insect populations 

contribute to natural pest control, reducing reliance on chemical pesticides and promoting 

sustainable agriculture (Bianchi et al., 2006). 

Beyond its ecological functions, biodiversity also plays a critical role in cultural and economic 

systems. Indigenous communities depend on diverse ecosystems for traditional knowledge, 

medicine, and spiritual practices (Gadgil et al., 1993). National parks, nature reserves, and 

ecotourism industries also contribute to economic development and human well-being by 

providing recreational and educational opportunities (Yakymchuk & Baran-Zgłobicka, 2023). 

Diverse ecosystems can better adapt to environmental changes because different species buffer 

against disturbances. For example, in species-rich grasslands, plant diversity ensures that if one 

species declines, other species compensate for the decline, thus maintaining ecosystem stability 

(Tilman et al., 1997). Therefore, protecting biodiversity is essential to having resilient ecosystems. 

This dissertation focuses on the conservation of grassland ecosystems and the conservation of 

the species found in these ecosystems, with a special focus on plant and especially arthropod 

communities. 



General Introduction 

12 
 

Grassland Ecosystems 

Grasslands are among Earth's most expansive and ecologically significant ecosystems, covering 

approximately 40% of the planet’s terrestrial surface (O’Mara, 2012). They are defined by their 

plant community of grasses, herbs, and forbs, partly with shrubs and trees and stretch across 

continents, each with its distinct name and character (Figure GI1). Worldwide, the most famous 

grasslands are known as the vast prairies of North America, the sweeping Eurasian steppes, the 

rolling pampas in Argentina, the velds in South Africa, downs in Australia, puszta in Hungary, the 

Manchurian grasslands in China and the Canterbury Plains in New Zealand. These ecosystems 

are home to an extraordinary diversity of plant and animal species, many uniquely adapted to 

these open habitats. Grasslands harbor some of the richest biodiversity outside tropical 

rainforests (Wilson et al., 2012). 

 

Figure GI1: Worldwide distribution of grasslands and instances of landscapes present in grasslands across 

the globe. Derived from Dixon et al. (2014), the background colors indicate the grassland type. Photo 

credits: Xueqian Zhang, Hong Xie, and Lingli Liu. Caption (modified) and Graphic from Liu et al. (2023). 

While grasslands represent one of the most valuable and diverse habitat types, they provide 

many essential ecosystem services. They are vital for pollinators, imperative for global food 

production (Bengtsson et al., 2019). Further, they play a crucial role in carbon sequestration, 

helping to regulate global climate by storing 34% of the terrestrial carbon in their soils (White et 

al., 2000). They sequester 90% of the carbon underground as root biomass and soil organic 

carbon, making them more resilient than forests to disturbances like fire and drought (Dass et al., 

2018; Rahman & Basher, 2024). They also contribute to soil stabilization, preventing erosion, 

and maintaining water cycles, thereby supporting freshwater systems and agriculture.  

Further, grasslands have immense economic and cultural significance. They serve as key areas 

for livestock grazing and forage production, providing food and employment (O’Mara, 2012). 
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Worldwide, they support the livelihoods of over 800 million people (Piipponen et al., 2022; Suttie 

et al., 2005). Moreover, many Indigenous communities and pastoralist societies have relied on 

these landscapes for centuries, developing sustainable management practices that maintain 

ecosystem health while ensuring long-term productivity (Reid et al., 2014). 

Grasslands – Threatened Ecosystems 

Originally, and to a large extent still today, grassland served as a habitat for distinctive wildlife. 

Historically, large herbivores such as the European bison, wisent, and aurochs grazed natural 

grasslands and created open landscapes. Today, wild horses, antelope, wildebeest, and 

predators such as wolves and big cats still shape these ecosystems (Gordon & Prins, 2008). In 

many centers of origin, domesticated grazers and browsers transformed already modified 

landscapes by suppressing tree and shrub growth. This accelerated the disappearance of forests 

across regions such as the Zagros Mountains, Lebanon, much of Europe, and high-altitude areas 

of South America, China, and Japan (Hole, 1996; Prins, 1998). Together with climate change, 

fires, and deforestation, these influences shaped these vast grassland ecosystems. This process 

continues today, as livestock such as cattle (descendants of the extinct aurochs), sheep, and 

goats maintain open pastures through grazing (Gordon & Prins, 2008).  

Grasslands once covered immense areas of the Earth’s surface and were among the most 

dominant natural ecosystems. However, over the last few centuries, especially over the previous 

few decades, we have lost large areas of natural and semi-natural grassland worldwide (Figure 

GI2). This land, together with cleared forests, has been converted into agricultural land, either for 

growing crops or, even more so, for grazing (permanent grasslands), accounting for almost 40% 

of the world's habitable land in 2000 (Foley et al., 2005). For comparison, Germany uses 

approximately 50% of its land area for agricultural production, with 28% consisting of permanent 

grasslands utilized as meadows and pastures (Destatis, 2019).  

The loss of forests is often discussed in the media, yet the disappearance of grasslands is a silent 

process. Globally, we have lost a quarter of our forests, but even more dramatically, we have 

already lost more than a half of our grasslands (Boakes et al., 2009). This transformation has 

severe effects on biodiversity, as in North America grassland bird populations have declined by 

more than 60% since the 1970s (Rosenberg et al., 2019). Grasslands, especially temperate ones, 

are among the most threatened and least protected biomes globally. Only 4.5% of these 

ecosystems are under protection, and they are being lost at a rate more than eight times greater 

than the rate at which they are being protected (Carbutt et al., 2017).  

Grasslands face intense pressure from a wide range of land use practices, including prescribed 

burning, livestock grazing, fertilization, mowing for hay production, pesticide application, fencing, 

and irrigation (Pyke & Boyd, 2023).  
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Figure GI2: Conversion of habitable land through human transformation over the last centuries. Graphic 

created by Hannah Ritchie and Max Roser with source from OurWorldinData.org. 

Historically, grasslands were shaped and maintained through a delicate balance of natural 

disturbances such as grazing by large herbivores and periodic fire, contributing to their structural 

complexity and biodiversity. This is particularly the case in Europe, where centuries of traditional 

farming practices, such as low-intensity livestock grazing and periodic hay cutting, have created 

a richly structured landscape (BfN, Bundesamt für Naturschutz, 2014). These semi-natural 

grasslands, especially nutrient-poor ones, are biodiversity hotspots, harboring a high diversity of 

plant and animal species (Wilson et al., 2012).  

However, land use intensification in recent decades has dramatically altered these ecosystems. 

Modern agricultural and livestock management prioritize productivity and short-term economic 

gains over ecological sustainability, often resulting in habitat degradation, biodiversity loss, and 

ecosystem homogenization (Dierschke & Briemle, 2008). These changes in management activity 

in grasslands occur rapidly, especially when compared with the speed of ecological adaptation 

of affected species. Many species cannot cope with these rapid changes and might disappear 

(Busch et al., 2019; Seibold et al., 2019).  
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Intensive grazing regimes, where livestock stocking densities exceed the land’s natural carrying 

capacity, significantly stress grassland ecosystems. Overgrazing depletes plant biomass faster 

than it can regenerate, reducing vegetation cover and leading to the dominance of a few grazing-

tolerant species. In contrast, more sensitive and less competitive plant species decline or 

disappear entirely (Shankarnarayan, 1977). This shift in plant community composition can have 

cascading effects on the entire ecosystem, impacting herbivorous insects, pollinators, and higher 

trophic levels that depend on this species for food and habitat (Scherber et al., 2010).  

The loss of soil structure can further impair the germination and root growth of native plants. 

Large amounts of livestock lead to excessive trampling, which compacts the soil and affects its 

porosity and permeability. Compacted soils have lower water infiltration rates, leading to 

increased surface runoff, reduced groundwater, and heightened susceptibility to erosion (Centeri, 

2022).  

Beyond direct grazing impacts, the widespread use of fencing to manage livestock movement 

further alters grassland ecosystems (Pyke & Boyd, 2023). Fences create artificial barriers that 

fragment once-continuous landscapes, restricting the natural movements of wild herbivores and 

carnivores. For species, like the pronghorn in North America, that require large, interconnected 

habitats, fencing can lead to isolated populations, limiting genetic exchange and reducing genetic 

diversity (Gates et al., 2012). However, genetic diversity is important against diseases and for 

better adaptation to environmental changes (Booy et al., 2000).  

At the same time, the expansion of fallows and abandoned semi-natural grasslands has also 

contributed to the widespread disappearance of open landscapes (Figure GI3). Without regular 

grazing or mowing, the soil is enriched by the nutrients from decomposing plants that have not 

been removed. This nutrient increase favors the growth of fast-growing, competitive plant 

species, allowing shrubs and trees to spread more quickly. Over time, grasslands can transform 

into forests (Aune et al., 2018; Habel et al., 2013; Petermann & Buzhdygan, 2021).  

Although this process is part of natural succession, it leads to the decline of species that have 

adapted to open habitats. Many characteristic grassland species, from specialized plants to 

insects and ground-nesting birds, can be lost if the open landscapes disappear (Pärtel et al., 

2005).  

Built-up areas and infrastructure accelerate grassland loss by fragmenting habitats and hindering 

the exchange between species (Barnes et al., 2025).  

Climate change further exacerbates these pressures, altering precipitation patterns and 

increasing temperatures. Although this is initially associated with increased plant growth, in the 

long term, droughts, storms, and other intensifying extreme weather events pose a difficult 

challenge to grasslands (Hopkins & Del Prado, 2007). Climatic shifts affect further species 

distributions, plant phenology, and ecosystem dynamics, compounding the challenges posed by 

land use change.  
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Figure GI3: Main land-cover trajectories from the 1960s through 2015 from Norway as an example. The 

line style and the lines' relative thickness indicate the percentage of the total area that has changed. 

Changes that are below 1% are excluded. Caption (modified) and Graphic taken from Aune et al. (2018).  

In Europe, permanent grasslands, meadows or pastures used for agriculture outside crop rotation 

for at least five years, have experienced massive reductions. Between 1967 and 2007, the EU-6 

countries lost about 30% of their permanent grasslands (Huyghe et al., 2014). And between 1991 

and 2024, grassland area in Germany decreased by 12% (Umweltbundesamt, 2024). However, 

there are no precise figures on whether more pastures or meadows have been reduced, or how 

they relate to each other, as there is no clear distinction between land that is actually used for 

grazing animals and land that is mown. Both serve the same purpose of providing feed for 

livestock. It is difficult to determine from satellite data whether a grassland area has been grazed 

or mown, as grazing at high herd densities can result in biomass removal comparable to a 

mowing event (Schwieder et al., 2022). 

At the same time, since the mid-19th century, there has been a gradual transition from pasture-

based to indoor cattle farming. In Germany, for example, only 37% of cattle had access to 

pastures in 2012, compared to 31% in 2019, of which only 1.5% were pure grazing cattle 

(Destatis, 2025). Therefore, many grasslands require human management to remain open as 

traditional grazing declines and mechanical mowing becomes the dominant practice.  

Species Loss in Grasslands  

Grasslands harbor a remarkable diversity of plant and animal species, many of which are highly 

specialized and adapted to these open environments (Wilson et al., 2012). However, human 
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activities are increasingly putting these ecosystems at risk, which pose significant threats to 

biodiversity and endanger the ecological stability of grasslands (Dirzo et al., 2014).  

The relative influence of different grassland management practices on biodiversity varies 

depending on the taxa, the spatial and temporal scale considered, and the ecological context. 

The risks to plants, which are more affected by fertilization and overgrazing, either through 

increased nutrient input or nutrient loss and soil compaction, are quite different from those to 

animals, which are more affected by habitat destruction through disturbance and mechanical 

impacts (Table GI1). However, a precise quantitative ranking is currently not possible due to the 

complexity and variability of the interacting factors. Ultimately, the magnitude of impact should 

not be viewed in isolation, but in interaction with landscape context, management history, and 

the specific species or functional groups under consideration.  

Table GI1: A summary overview of the impact of different types of human management on the flora and 

fauna. 

Factor Impact on Plants Impacts on Animals Source 

Habitat 

fragmentation 

hindering species 

exchange 

hindering species 

exchange 

(Barnes et al., 2025) 

Habitat 

homogenization 

loss of highly adapted 

species 

loss of highly adapted 

species 

(Gossner et al., 2016; 

Tobisch et al., 2023) 

Intensive mowing reduced structural 

complexity 

habitat destruction, high 

mortality rates 

(Humbert et al., 2009; 

Socher et al., 2013) 

Intensive grazing sensitive species might 

disappear, trampling 

effects 

food and habitat loss (Scherber et al., 2010; 

Shankarnarayan, 

1977) 

Intensive fertilizing reduced plant diversity reduced resources (Humbert et al., 2020; 

Tilman et al., 2006) 

Pesticide 

application 

less herbivory loss of species, also not 

targeted ones 

(Sánchez-Bayo & 

Wyckhuys, 2019) 

Natural succession loss of adapted species loss of adapted species (Pärtel et al., 2005) 

The tension between maximizing agricultural productivity and preserving biodiversity presents 

one of the most pressing challenges in grassland management (Allan et al., 2015). Almost 50% 

of the biomass used worldwide for livestock feed still comes from grasslands (Herrero et al., 
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2013). While land use intensification, particularly frequent mowing, heavy grazing, and 

fertilization, aims to maximize agricultural yield, this often occurs at the expense of ecosystem 

health. These practices degrade natural habitats, reducing species richness and altering 

ecological processes by diminishing structural complexity, limiting available niches, and 

undermining grassland ecological stability (Godoy et al., 2022). 

Intensive mowing, for example, disrupts the breeding cycles of invertebrates, birds, and 

amphibians, while also reducing habitat complexity (Van de Poel & Zehm, 2015). Heavy grazing 

pressure, on the other hand, can lead to soil erosion. Trampling of sensitive plant species by 

livestock also leads to a reduction in floral diversity (Centeri, 2022). However, a meta-analysis 

comparing studies of the effects of mowing or grazing suggests that grazing is better than mowing 

in most cases, although single-cut mowing may also have advantages (Tälle et al., 2016). 

Furthermore, the widespread use of synthetic fertilizers has led to changes in the composition of 

plant communities. Fast-growing, nutrient-demanding species are favored, while native flora is 

suppressed. This reduces floral diversity and resources for pollinators and other invertebrates. 

This impairs species interactions and environmental conditions, affecting entire ecosystems 

(Habel et al., 2013). Reduced plant diversity weakens ecosystem resilience and affects primary 

productivity and long-term stability (Tilman et al., 2006). This leads to a progressive 

transformation of grasslands from diverse to highly uniform landscapes, simplifying habitats, 

reducing structural complexity, and homogenizing communities across all trophic levels (Gossner 

et al., 2016).  

The consolidation of small, traditionally managed meadows into large-scale management units 

has led to the removal of hedgerows, bushes, and other microhabitats, further reducing 

biodiversity (Deutsche Akademie der Technikwissenschaften et al., 2020; Dierschke & Briemle, 

2008). Arthropods, which require diverse habitat structures for foraging, reproduction, and 

shelter, are particularly vulnerable to these shifts (Tobisch et al., 2023). The loss of key plant 

species further affects ecosystem stability. It has cascading effects on higher trophic levels 

throughout the food web on other species depending on them, including pollinators, insectivorous 

birds, and herbivores (Scherber et al., 2010).  

Additionally, the increased use of pesticides exacerbates biodiversity loss by directly harming 

non-target organisms and disrupting ecological interactions (Sánchez-Bayo & Wyckhuys, 2019).  

Evaluating the Impact of Mowing on Grassland Biodiversity 

Among these practices, mowing plays a pivotal role in shaping grassland ecosystems, influencing 

habitat structure, species diversity, and ecological stability (Dierschke & Briemle, 2008). Berger 

et al. (2024) showed that mowing has strong negative effects on arthropod abundance and 

diversity, with the lowest numbers observed directly after mowing and gradually increasing over 

time. Additionally, the type of mowing equipment used can influence the extent of impact, with 



General Introduction 

19 
 

certain mowers causing more harm to arthropods. Therefore, it is necessary to evaluate the 

diverse impacts of mowing, to develop sustainable management strategies.  

Existing tools, such as the Land Use Intensity Index (LUI) by Blüthgen et al. (2012), provide 

valuable insights into land use intensity of fertilization (nitrogen input per hectare per year, 

kgN/ha), grazing (livestock units per hectare multiplied by grazing days, LSU d/ha), and mowing 

(number of mowing events per year). The LUI has been widely used to assess biodiversity and 

ecosystem responses to various management practices (Chisté et al., 2016; Gossner et al., 2016; 

Seibold et al., 2019; Socher et al., 2013). However, its mowing component originally focused only 

on mowing frequency, neglecting the ecological impacts of different techniques and machinery. 

To enhance this approach, developing a comprehensive mowing intensity index that incorporates 

additional factors beyond mowing frequency allows for a more realistic assessment of mowing 

pressures across landscapes, helping identify thresholds of disturbance, inform more 

biodiversity-friendly management practices, and enable standardized comparisons between 

regions and studies. This is important because mowing impacts biodiversity not just through 

frequency, but also through factors like machine type, cutting height, and how it is applied 

temporally and spatially. A simple count of mowing events overlooks these factors, which can 

make a critical difference for species survival. Integrating this new compound mowing index into 

the LUI enhances its ability to assess management impacts. At the same time, it could also serve 

as a threshold for subsidizing farmers who adopt biodiversity-friendly mowing practices. 

Understanding the ecological consequences of mowing becomes even more critical for balancing 

conservation and agricultural productivity, since mowing is a fundamental management practice 

in temperate semi-natural grasslands and has replaced grazing in many places (Figure GI4). 

Traditional haymaking, once a slow and segmented process, allowed many organisms to escape 

and recover (Bunzel-Drüke et al., 2019). In contrast, while greatly enhancing agricultural 

productivity, modern mowing techniques pose significant challenges for biodiversity 

conservation. These modern mowing regimes cover large areas quickly and are characterized 

by high-speed machinery and increased cutting frequency (Dierschke & Briemle, 2008). The 

ecological impacts are profound, influencing plant and animal communities, altering habitat 

structures, and affecting long-term biodiversity (Gossner et al., 2016).  

Simplified habitat structures from intensive mowing regimes lead to significant biodiversity losses, 

particularly among insects and small vertebrates (Humbert et al., 2010, 2012). Although many 

species can survive annual mowing, the practice reduces their populations, and intensified 

management may further decrease the number of surviving individuals (Humbert et al., 2009; 

Milberg et al., 2017). 
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Figure GI4: Simplified graph of mowing changes over time created with information from the books 

Naturnahe Beweidung (Bunzel-Drüke et al., 2019) and Kulturgrasland (Dierschke & Briemle, 2008). 

As mowing practices become increasingly mechanized and intensive, their ecological 

consequences extend beyond immediate habitat disturbance to long-term biodiversity declines. 

To fully capture these impacts, biodiversity assessments must go beyond simple mowing 

frequency and consider additional parameters, such as: 

● The type of the mowing machine, since different mowing machines have varying effects 

and mortality rates on flora and fauna (Humbert et al., 2010; Van de Poel & Zehm, 2015; 

Von Berg et al., 2023) (Figure GI5): 

➢ Bar Mower: Cuts grass; It has the lowest impact on biodiversity in comparison to 

the other mowing machines and leads to faster plant regeneration. 

➢ Rotary Mowers:  

○ Disc Mower: Uses rotating blades that knock off the grass; with increasing 

the mortality rates for insects and amphibians. 

○ Drum Mower: Has a larger working area, leading to even higher mortality 

rates for wildlife. 

➢ Mulcher (Flail Mower): Shreds vegetation into small pieces that remain on the 

ground. This method has the highest impact on biodiversity. 

➢ Traditional hand tools, once common in agriculture, such as scythes, allowed for 

a more gradual mowing process, preserving habitat patches. However, they are 

no longer economically viable on a large scale. 
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Figure GI5: Photos depicting the various mower blade types: 1) the scythe with a single blade, 2) the bar 

mower with several counter-moving cutting blades, 3) the rotary mower with rotating blades, 4) the 

mulcher with flails. The scythe is manually operated, and the other techniques are driven by a machine. 

Icons were drawn by Johanna L. Berger, and the first photo was taken by Genevieve Walther. The 

graphic was used in a manuscript submitted to Frontiers for Young Minds. 

● The cutting height, since higher cutting heights preserve plant stems and provide refuge 

for insects and small animals (Briemle & Ellenberg, 1994; Liczner, 1999; Saumure et al., 

2007). 

● Since conditioners bend or crush grass stems to speed up drying, they significantly 

increase faunal mortality and should be avoided in conservation-sensitive areas (Hecker 

et al., 2022; Humbert et al., 2009, 2010). 

● Other alternative mowing strategies have been proposed to reduce the negative effects 

of mowing: 

○ Leaving unmown refuges or mosaic areas during mowing provides essential shelter 

for fauna, supports plant seed dispersal, and enhances arthropod abundance and 

density (Aviron et al., 2007; Berger, Daum & Hartlieb., 2024; Braschler et al., 2009; 

Buri et al., 2014; Cizek et al., 2012). To maximize conservation benefits, at least 10–

20% of the area should remain uncut annually (Buri et al., 2013; Handke et al., 2011). 

○ Nature-friendly mowing patterns, such as strip mowing or mowing from the inside 

outward, improve animal survival by preventing them from being trapped in the final 

cut area (Prochnow & Meierhöfer, 2003; Tyler et al., 1998). 

○ Using lighter machines, as the weight of mowing machinery affects soil compaction, 

altering its physical properties and impacting root development and grass yield (Glab, 

2013). Minimizing trips or using fixed tracks can reduce damage, as the first pass has 

the most significant impact (Elaoud & Chehaibi, 2011). 
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○ Flushing bars or scaring devices installed in front of the mower disturb the vegetation 

shortly before cutting and, in the best case, scare mobile species away (Klonglan et 

al., 1959; Sakai, 2021). 

○ The harvesting process involves multiple trips over the field, which can cause more 

harm to animals than mowing itself (Humbert et al., 2009, 2010). Reducing the 

number of trips and allowing time for drying can minimize impact, but the specific 

process depends on whether hay, silage, or mulch is produced. 

Greenspaces – Urban Grassland Habitats 

Until now the focus of this thesis has been on grassland ecosystems in agricultural and semi-

natural landscapes which are often characterised by intensive management practices, economic 

pressures, and large-scale land-use regimes. However, urban green spaces can emerge as an 

essential counterpart contributing to biodiversity conservation. Despite their small sizes and the 

various socio-ecological contexts, urban grasslands and greenspaces serve as refuges for plants 

and arthropods and provide essential ecosystem services (Gentili et al., 2024). As green mosaics 

within grey cities, these ecological refuges contribute to species conservation and human health 

and well-being (Berger, Daum & Hartlieb, 2024). With the growing awareness of the need to 

protect ecosystems, there is also an increasing recognition of the value of these small grasslands 

and urban meadows for recreation, relaxation, and a connection to nature (Ignatieva et al., 2020). 

Despite occupying less than 0.5% of the global terrestrial surface (Klein Goldewijk et al., 2017), 

urban areas play an increasingly important role in efforts to conserve biodiversity. 

At the same time, urbanization itself brings with it a number of ecological stressors that contribute 

significantly to global insect declines, including habitat fragmentation, surface sealing, artificial 

light, pollution, and the urban heat island effect (Fenoglio et al., 2021). Still, the patches of green 

found in cities, like parks, roadside verges, and corporate greenspaces, can act as critical 

ecological stepping stones that enhance landscape connectivity and enable species movement 

across fragmented habitats (Angold et al., 2006).  

Yet, the ecological potential of urban grasslands is influenced by prevailing human values and 

land-use priorities. This can lead to biodiversity-harming practices, whereby the ability of urban 

greenspaces to realize their conservation potential is limited (Kowarik et al., 2020). Lawns, 

commonly found in urban areas, are frequently maintained through intensive mowing, resulting 

in habitat homogenization and a lack of ecological function (Ignatieva et al., 2020). The trend of 

manicured lawns emerged in 18th-century England as a display of wealth and prestige. Only 

wealthy landowners could afford to pay laborers to regularly scythe and weed the land, leaving it 

without any economic use (Marshall et al., 2023; Willis, 1886). This is why today, in urban 

greenspaces, aesthetics is often prioritized over ecological value, resulting in intensively 

maintained lawns that are costly to maintain and frequently restricted from public access. These 
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lawns provide little ecological benefit and offer minimal habitat for arthropods and other wildlife, 

resulting in species-poor environments (Ignatieva et al., 2015, 2017). However, there is 

increasing recognition of the potential of urban green spaces to promote biodiversity, and efforts 

are being made to design and manage these areas to serve as valuable habitats for a wide variety 

of plant and animal species (Aronson et al., 2017). 

Arthropods – Key Grassland Inhabitants 

Arthropods are an integral part of grasslands, understanding how land-use practices affect them 

is fundamental since they shape the overall health and resilience of grassland ecosystems 

(Figure GI6). This diverse group, including insects like Coleoptera, Hemiptera, and Orthoptera, 

and arachnids like Araneae, contributes to essential ecosystem processes such as pollination, 

dung burial, and pest regulation (Losey & Vaughan, 2006). By transferring pollen between 

flowers, pollinating arthropods facilitate plant reproduction, contributing to the persistence of floral 

diversity in grassland ecosystems. Decomposers, including detritivorous insects, accelerate 

nutrient cycling by breaking down organic material, while predatory arthropods regulate herbivore 

populations, preventing outbreaks that could otherwise compromise plant communities. Beyond 

their functional roles, arthropods are vital food sources for insectivorous birds and other 

vertebrates, forming intricate trophic networks that underpin grassland ecosystem stability 

(Goulson, 2019).  

 

Figure GI6: A flower-rich meadow supports a diverse community of arthropods, including pollinators, 

decomposers, and predators, and serves as a vital habitat with food sources. Each contributes to 

essential ecosystem functions and maintains the health and stability of the habitat. Icons drawn by 

Johanna L. Berger. Graphic used in a manuscript submitted to Frontiers for Young Minds. 
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Despite their ecological importance, arthropod populations are significantly declining, primarily 

due to anthropogenic land use changes. Habitat destruction, agricultural expansion, 

deforestation, and urbanization have fragmented and altered natural landscapes, reducing the 

availability of suitable habitats for many species (Blüthgen et al., 2023; Sánchez-Bayo & 

Wyckhuys, 2019; Wagner, 2020). Agricultural intensification has particularly detrimental effects 

on arthropod communities. Their impact extends beyond cultivated fields to adjacent natural 

areas, including meadows and protected landscapes, leading to arthropod declines (Seibold et 

al., 2019). Specialist species with narrow niches that are dependent on specific host plants and 

microhabitats are particularly affected by land use intensification in grasslands, whereas 

generalist species can dominate in these altered environments (Chisté et al., 2016, 2018; Clavel 

et al., 2011; Mangels et al., 2017).  

Ecological Niches and Functional Traits of Arthropods 

Studying arthropod communities is necessary, but understanding how species occupy and adapt 

to their niches and how their traits shape ecosystem functioning is equally important. Arthropods 

can serve as indicator species because of their diverse ecological niches and functional traits 

make them particularly sensitive to environmental changes, especially those caused by land-use 

intensification. 

The niche concept emerged to define a species' role encompassing its interactions with 

populations, the community, and the ecosystem, thereby linking population and community 

ecology while revealing structural similarities across diverse ecological systems. A distinction is 

made between the fundamental niche, which is the theoretical possible existence range of a 

species, and the realized niche, which is the actually occupied range by the species, taking into 

account the specific current site factors in a particular ecosystem (Vandermeer, 1972). 

Arthropods in grasslands display diverse niche specializations, for example trophic niches, 

habitat niches, or physiological niches. Trophic niches determine an arthropod’s position in the 

food web, ranging from primary to secondary and tertiary consumers, like herbivorous 

arthropods, predators or decomposers (Goulson, 2019). The habitat niche influences arthropod 

distribution and community composition. The availability of structurally diverse habitats is needed 

for maintaining species richness and ecological interactions within arthropod assemblages (Joern 

& Laws, 2013). Physiological niches refer to the adaptation of a species to environmental factors 

such as temperature, humidity or salinity (Tscharntke & Greiler, 1995).  

Mowing, fertilization, and grazing, key management practices of grasslands, shape arthropod 

niches and influence species survival (Simons et al., 2015). These land use intensifications alter 

habitat conditions with effects on arthropod niches, creating winners, neutrals, and losers among 

arthropod communities. Niche modelling offers a predictive approach to assess species’ 
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vulnerability to these disturbances by identifying habitat features crucial for their survival, as seen 

for moths, Orthopterans and Auchenorrhynchas (Chisté et al., 2016, 2018; Mangels et al., 2017). 

Further, species might respond differently to land use changes depending on their traits such as 

body size and trophic position (Simons et al., 2016). Although the concept of traits has originally 

developed for plants, it has already been extensively studied in arthropods. Key functional traits 

determine how arthropods interact with their environment and respond to land use changes, 

influencing their survival and ecological roles. Morphological traits, such as body size and 

dispersal ability, affect habitat use and mobility, while physiological traits determine resilience to 

climatic variability and habitat disturbances. Behavioral traits, including feeding guild and stratum 

use, shape ecological interactions and species persistence. These traits mediate how species 

respond to land use intensification, which alters habitat structure and resource availability 

(Gossner et al., 2015). For example, herbivorous arthropods rely directly on plant resources and 

changes in plant community composition due to fertilization can trigger cascading bottom-up 

effects. Species with specialized diets (monophagous and oligophagous) are especially 

vulnerable to plant diversity loss, as they depend on specific host plants that may decline under 

intensive management (Haddad et al., 2009; Scherber et al., 2010; Simons et al., 2014). In 

contrast, generalist species with broader diets may be less affected or even benefit from 

fertilization-driven shifts in plant communities. 

Arthropods, with their diverse ecological niches and functional traits, play an integral role in 

maintaining grassland ecosystem health. By integrating niche- and trait-based approaches, we 

can better predict species' vulnerabilities and develop targeted strategies to enhance the 

resilience of arthropod communities.  

Impacts of Fertilization, Grazing, and Mowing on Arthropods 

A more detailed study is needed to understand the impacts of land use on grassland arthropods. 

Mowing, along with fertilization and grazing, can significantly impact their populations and 

influence overall ecological dynamics.  

Among those land use practices, mowing has the most immediate consequences for arthropods. 

Mowing reduces plant structural diversity, affecting species reliant on tall vegetation for shelter 

or breeding (Cizek et al., 2012). Further, the direct mechanical disturbance caused by mowing 

and the subsequent harvesting processes can result in mortality rates of up to 80%, particularly 

for species that rely on above-ground vegetation for reproduction and shelter (Humbert et al., 

2009). The removal of plant material not only destroys microhabitats but also reduces the 

availability of essential resources, such as flowering plants for pollinators and oviposition sites 

for insects (Gardiner & Hassall, 2009; Van Klink et al., 2019; Völkl et al., 1993). Arthropods with 

underground larval stages seem less directly affected than hemimetabolous species like 

Orthoptera and Auchenorrhyncha, which complete their entire life cycle above ground (Chisté et 
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al., 2016, 2018; Mühlethaler et al., 2019). Highly mobile species, such as many pollinators, may 

evade direct mortality but suffer from long-term consequences due to reduced resource 

availability and altered habitat structure (Buri et al., 2014). The rapid and simultaneous mowing 

of large areas without unmown refuges limits escape opportunities, compounding the negative 

effects on arthropod populations (Berger, Daum & Hartlieb, 2024). 

Besides mowing, the widespread use of synthetic fertilizers over the last century has increased 

productivity and agricultural yields, but has come at the expense of biodiversity (Tilman et al., 

2001). The application of high amounts of fertilizer increases plant biomass and promotes the 

dominance of fast-growing, competitive plant species while suppressing slower-growing plants, 

leading to homogenized landscapes with diminished ecological functionality (Gossner et al., 

2016; Socher et al., 2013). The resulting decline in plant diversity reduces available niches and 

food resources for specialized arthropods, leading to declines in population size and species 

richness (Haddad et al., 2000, 2009; Tobisch et al., 2023). 

Grazing plays a complex role in grassland ecosystems, while moderate grazing can promote 

biodiversity by maintaining a heterogeneous vegetation structure, intensive grazing disrupts 

arthropod communities by reducing vegetation cover and limiting habitat availability (Kruess & 

Tscharntke, 2002). Short-term effects of grazing reduce insect diversity by simplifying plant 

architecture and eliminating specific feeding niches (Tscharntke & Greiler, 1995). In the long 

term, grazing alters plant community composition and vegetation structure, further shaping insect 

diversity and habitat availability (van Klink et al., 2015). 

While each management practice influences arthropod populations differently, their cumulative 

effects shape grassland ecosystems in complex ways by influencing plant composition, habitat 

structure, and microclimatic conditions (Simons et al., 2014). These changes have profound 

consequences for arthropod communities, which rely on diverse vegetation and stable 

microhabitats for survival, favoring generalists while threatening specialists (Clavel et al., 2011). 

Given arthropods' ecological significance, understanding these species-specific responses is 

central to conserving their habitats, preserving grassland biodiversity, and maintaining 

ecosystem functionality.  
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Outlook on this Doctorate Thesis 
Grasslands are among the most species-rich ecosystems in temperate regions and therefore, 

play a central role in biodiversity conservation, as they provide habitats for diverse plant and 

arthropod species. However, the condition of these valuable ecosystems is being increasingly 

altered by human activities, including urbanization and intensive land use such as mowing, 

grazing, and fertilization. Thus, it is crucial to understand how these land-use factors affect 

biodiversity to develop effective conservation strategies that balance ecosystem conservation 

with human land-use needs. 

This cumulative doctorate thesis integrates the findings of four research studies conducted as 

part of two interdisciplinary and transdisciplinary research initiatives, the Biodiversity 

Exploratories and the BioDivKultur project. Each study provides valuable insights into how land 

use and management practices affect grassland biodiversity and identifies practical, 

implementable strategies for effective biodiversity conservation. 

1. The importance of collaboration, interdisciplinarity, and transdisciplinarity in 

grassland research 

Collaboration between scientific disciplines and non-scientific actors is becoming increasingly 

important to tackle the biodiversity crisis. With interdisciplinary and transdisciplinary cooperation, 

effective measures can be developed to overcome the complex ecological challenges in 

grassland management. Therefore, this study combines ecological research with social sciences 

and humanities for innovative and biodiversity-friendly land use strategies. The BioDivKultur and 

Biodiversity Exploratories projects serve as models and show how cooperation among 

ecologists, social scientists, land managers, policymakers, and local communities can make a 

contribution to biodiversity conservation in grasslands. The fact that such approaches are not 

without problems is also reflected in the chapter, which further provides a framework for how 

successful cooperation can look like. In the future, however, it will become more and more 

important to strengthen these bonds and to act in unison to develop adaptive management 

frameworks that not only support biodiversity, but also align with agricultural productivity and 

societal needs. Therefore, my hypotheses are: 

• Interdisciplinary collaboration enhances conservation outcomes by integrating ecological, 

social, and humanistic insights. Compared to discipline-specific approaches, it should lead 

to more effective and sustainable grassland management strategies. 

• Transdisciplinary research promotes stakeholder engagement by involving land managers, 

policymakers, and local communities. It aims to improve the implementation and 

acceptance of land use practices that benefit biodiversity. 
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2. Assessing mowing intensity: A new index incorporating frequency, type of machinery, 

and technique 

The future of grassland biodiversity conservation depends on a more nuanced understanding of 

land use impacts, particularly the impacts of mowing. Current assessments of mowing intensity 

are too simplistic, as they only refer to the number of cuts. However, mowing has a much greater 

impact on the area and influences the ecological diversity of the meadow through different 

management variables, such as machine type, mowing height and the use of a conditioner. To 

fill this gap, this chapter presents the development of a compound mowing intensity index, M(i). 

Based on a literature review and data from the Biodiversity Exploratories, the new index 

integrates multiple variables rather than considering mowing frequency alone, to provide a more 

precise tool for evaluating ecological effects of mowing intensity. As land use pressures intensify, 

incorporating M(i) into broader land use intensity assessments, could improve predictions of the 

effects of species compositions. Further, M(i) could help land managers, policymakers, and 

conservationists to make informed decisions that reconcile agricultural productivity with 

biodiversity conservation. Therefore, I hypothesize that: 

• A standardized mowing intensity index provides a more accurate and comprehensive 

measure of mowing effects than traditional single-variable assessments of mowing 

frequency alone. 

• The mowing intensity index M(i) correlates positively with fertilization and negatively with 

grazing intensity. On the one hand, grassland with higher fertilization intensity tends to be 

mown more frequently due to increased biomass production; on the other hand, higher 

grazing intensity reduces the need for more frequent mowing and livestock naturally 

regulate the height and structure of the vegetation. 

• Mowing intensity is a key determinant of biodiversity in grasslands, with higher mowing 

intensity, i.e., higher M(i), associated with lower arthropod and plant species richness. 

3. Losers and winners: Responses of grassland arthropods to land use components 

For the development of sustainable management strategies, it is crucial to understand how 

arthropod communities in grasslands respond to land-use intensification. This chapter uses a 

niche model as a quantitative approach to assess the vulnerability of species to land-use 

intensification. The niche model is calculated based on indices of the key management practices 

of mowing, grazing, and fertilization, thereby the LUI and the newly developed mowing intensity 

index, M(i) is used. These management practices lead to significant ecological changes and 

species respond differently to them, as some species thrive under more intensified conditions, 

while others decline. By integrating species’ ecological preferences with land use intensities, the 

calculations classify Araneae, Coleoptera, Hemiptera, and Orthoptera as losers, neutrals, or 
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winners to provides insights into how different species respond to varying land use intensities 

within the Biodiversity Exploratories framework. Vulnerable species are highlighted, and land 

use strategies can be adapted to the target species selected as warranting protection. My 

hypotheses are: 

• Species with narrower ecological niches and lower occurrence are more susceptible to land 

use intensification. 

• Specific organismic traits, such as body size and feeding guild, influence a species' ability 

to cope with different land use intensities. 

• The interaction of land use intensity with species' Red List status and population trends will 

reveal long- and short-term vulnerabilities under varying land use intensities. 

4. Nature in the City: The impacts of urbanization and mowing on arthropods and plants 

Cities are becoming increasingly larger and more isolated, yet they often provide good habitats 

for various species. Biodiversity is sometimes even higher in cities than in the surrounding 

countryside. However, these species face significant anthropogenic pressures, such as habitat 

fragmentation and management practices. Therefore, this chapter examines the effects of 

environmental gradients on plants and arthropods by applying a quantitative niche model. It 

incorporates mowing intensity, determined by the mowing intensity index applied to urban areas, 

the isolation from the nearest meadow habitat, and surface sealing. To achieve this, the plant 

and arthropod species present in the greenspaces are analyzed to determine whether they 

emerge as losers, winners, or neutrals. Furthermore, this will be compared with the conservation 

status of the German Red List, and the traits of the arthropods will be examined in relation to 

environmental gradients. This approach helps to identify species that are particularly vulnerable 

and those whose traits can buffer them against these environmental gradients. Therefore, I 

hypothesize that: 

• Mostly neutral species are to be found in urban habitats, with some specialist adapted to 

these extreme environments. 

• Species listed in higher threat categories of the German Red List are more susceptible to 

the environmental gradients and exhibit narrower niches compared to species of lower 

conservation status. 

• Among the environmental gradients studied, the recurring and unpredictable disturbance 

of mowing has the strongest negative impact on species, compared to the permanent 

gradients of isolation and urbanization.  

The studies in this doctoral thesis provide a comprehensive understanding of how humans impact 

grasslands, whether in an agricultural or urban context and how the effects of land use 

intensification, such as mowing, grazing, fertilisation and urbanisation, affect plants and 
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arthropods. The results can be used to develop sustainable land management practices that 

promote biodiversity conservation, particularly in intensively used landscapes where competing 

land use pressures are prevalent.  
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ABSTRACT  

Grasslands are among the most biodiverse and ecologically important ecosystems, yet they are 

increasingly threatened by land-use intensification and biodiversity loss. Addressing these 

challenges requires a holistic approach that integrates knowledge across disciplines and 

actively engages stakeholders beyond academia.  

This article explores the role of collaboration, interdisciplinarity, and transdisciplinarity in 

grassland research with a focus on two German key projects. The Biodiversity Exploratories are 

one of the largest long-term research projects investigating biodiversity and ecosystem function 

across land-use gradients. The BioDivKultur project examines the effects of mowing on 

grassland arthropods by bridging various academic and practical perspectives. Both projects 

highlight how integrated research approaches can generate scientifically rigorous and socially 

relevant solutions for biodiversity conservation while also revealing the practical and conceptual 

challenges of such cooperation. This article emphasizes the need for sustained cooperation, 

mutual learning, and effective knowledge transfer to bridge science and practice in addressing 

the complex, multifaceted issues of grassland ecosystems. 

Keywords: arthropods, biodiversity, conservation, ecosystem functions, land-use 

intensification, knowledge transfer, mowing, social science, stakeholder engagement 

INTRODUCTION  

Grasslands are among the most biodiverse and ecologically significant ecosystems, covering 

approximately 40% of the Earth's terrestrial surface (O’Mara, 2012). They provide essential 

ecosystem services such as carbon sequestration, climate regulation, erosion control, and 

pollination while also playing a key role in livestock production (Bengtsson et al., 2019). 

Grasslands sustain the livelihoods of millions of people, ensuring global food security (O’Mara, 

2012). Additionally, they support a rich diversity of plant and animal species, making them crucial 

biodiversity hotspots (Petermann & Buzhdygan, 2021). Biodiversity underpins the stability and 

resilience of ecosystems, yet we are witnessing a rapid and unprecedented decline across 

numerous taxonomic groups worldwide (Ceballos et al., 2015; Pimm et al., 2014). Reasons for 

threats to biodiversity in grassland ecosystems are climate change, habitat fragmentation, and, 

most significantly, land-use intensification (Dirzo et al., 2014).  

Grasslands face intense pressure from various land use practices like prescribed burning, 

grazing, fertilization, mowing, pesticide application, fencing, and watering (Pyke & Boyd, 2023). 

However, seminatural grasslands rely on regular management, particularly grazing and mowing, 

to prevent shrub encroachment and forest succession (Petermann & Buzhdygan, 2021). 

Livestock grazing significantly shapes grassland ecosystems by affecting plant community 

composition, soil structure, and nutrient cycling with outcomes depending on livestock type and 
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density (Socher et al., 2012). In areas without grazing, mowing is used as an alternative, although 

its ecological effects differ. Intensive mowing reduces habitat complexity, harming species 

dependent on diverse microhabitats (Benton et al., 2003; Gossner et al., 2016; Socher et al., 

2012). Frequent mowing for hay also increases fertilization needs for productivity, which alters 

soil conditions and boosts biomass while reducing plant diversity by favoring fast-growing, 

competitive species over slower-growing specialists (Francksen et al., 2022; Socher et al., 2012).  

Out of these land-use practices, intensive mowing has particularly severe and immediate 

negative effects on insects, leading to greater declines in abundance and diversity than grazing 

or fertilization (Blüthgen et al., 2022; Chisté et al., 2016). Mowing reduces key habitats, 

oviposition sites, and food resources, especially affecting less mobile life stages like larvae and 

nymphs (Van Klink et al., 2019). Moreover, mowing-related mortality can reach up to 80% for 

Orthopterans (Humbert et al., 2009). Yet, insects are indispensable to grassland ecosystems, 

serving as ecosystem engineers through pollination, nutrient cycling, seed dispersal, and soil 

modification (Debinski, 2023). Due to their crucial role in maintaining ecosystem health and 

stability, their decline has profound cascading effects, including reduced insectivorous bird 

populations (Tallamy & Shriver, 2021).  

Addressing the challenges of biodiversity conservation in grasslands requires more than just 

ecological research. Land management decisions are shaped by a combination of scientific 

knowledge, economic constraints, policy frameworks, and cultural values. Thus, biodiversity 

conservation is not solely an ecological issue but also a social, political, and economic concern 

(Meine et al., 2006). To develop effective and actionable solutions, research must integrate 

multiple disciplines and actively engage with land users, policymakers, and conservation 

practitioners (Bennett et al., 2017). Interdisciplinary and transdisciplinary approaches are 

particularly valuable in ensuring that scientific findings are both relevant and applicable in practice 

(Cook et al., 2013).  

This article provides a conceptual background on inter- and transdisciplinary research in 

conservation science, followed by an introduction to two case studies from Germany. The 

Biodiversity Exploratories are an assembly of long-term, large-scale research projects 

investigating the effects of land-use intensity of grazing, mowing, and fertilizing on biodiversity 

and ecosystem processes. Complementing this, the BioDivKultur project bridges the gap 

between science and society by exploring how mowing practices affect arthropod communities 

in greater depth. While both projects share the aim of conserving biodiversity, they differ in scale, 

methodology, and the degree of non-academic stakeholder integration, offering valuable insights 

into opportunities and limitations of interdisciplinary and transdisciplinary research. 

This article concludes with a comparative examination of the two projects, critically reflecting on 

the extent to which these efforts achieve true inter- or transdisciplinarity or whether they remain 

multidisciplinary endeavors in which different disciplines approach a shared problem in parallel 
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rather than in integration (Barry & Born, 2013). Furthermore, there will be a general synthesis of 

what successful collaboration looks like, where tensions can arise, and what is needed to move 

beyond knowledge dissemination toward the co-creation of sustainable solutions. Finally, the 

future outlook highlights the need for research approaches that integrate multiple scientific 

disciplines with local stakeholder knowledge, emphasizing how such integration can generate 

holistic and actionable insights for effective conservation and management of grassland 

biodiversity. 

CONCEPTUAL BACKGROUND  

In recent years, we have seen growing recognition that biodiversity is not only a biological 

phenomenon but also deeply intertwined with cultural, ethical, and political dimensions. While the 

natural sciences focus on measurable ecological patterns and management practices, the social 

sciences and humanities contribute critical reflection on values, ethics, governance, and 

normative assumptions that shape how biodiversity is understood, prioritized, and acted upon 

(Mitchell, 2016). Fundamental questions, such as: What justifies our moral obligation to insects? 

What is the intrinsic value of biodiversity? or Who decides what counts as successful 

conservation? point to the fact that biodiversity loss is not just an ecological challenge but also 

an existential and societal one. 

Biodiversity has evolved into a scientifically nuanced and differentiated concept, yet, at its core, 

it remains a deeply human concern (Burch-Brown & Archer, 2017). Decisions about managing 

grasslands, for instance, are not only ecological considerations but also reflections of the kinds 

of relationships societies wish to maintain with non-human life.  

Conservation biology typically pursues a normative goal, namely halting biodiversity loss and 

promoting sustainable land use. However, this goal is not automatically shared across all 

disciplines in the social sciences and humanities. As Miller et al. (2023) argue, social science and 

humanities fields often vary significantly in their epistemologies, methods, and alignment with 

biodiversity conservation goals. Some even challenge dominant ecological concepts like 

“ecosystem services” for their anthropocentric framing, arguing that if biodiversity is to be truly 

protected, it must be understood not merely as data or utility but as part of the identities, 

narratives, and values that shape human-nature relationships (McCauley, 2006; Muradian & 

Gómez-Baggethun, 2021). 

These differences become particularly significant when scientific research aims to inform 

education, policy, or land management, as it must navigate varying values, priorities, 

expectations, knowledge systems, and definitions of success. This raises critical questions: 

Whose knowledge counts? Who sets the research agenda? And how are conservation goals 

defined, negotiated, and evaluated? These challenges highlight the need for conservation 

research not only to communicate knowledge outward but to engage in participatory knowledge 
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co-production, recognizing the social sciences and humanities not as peripheral but as essential 

partners in addressing normative and epistemic diversity (Barry & Born, 2013). Moving toward 

meaningful biodiversity conservation, therefore, requires interdisciplinary and transdisciplinary 

research.  

Given the complexity of biodiversity research, it is clear that conservation challenges cannot be 

addresses by ecology alone (Fig. 1). While ecologists have long collaborated across fields like 

zoology and botany, tackling sustainability challenges demands broader integration, one 

extending beyond the natural sciences.  

Interdisciplinary research by involving two or more scientific disciplines (Janich & Zakharova, 

2011) is crucial for tackling these complex environmental challenges (Fig. 1). It enables 

researchers to address questions that extend beyond individual disciplines while fostering 

knowledge exchange, progress and practical solutions (Ledford, 2015) as well as enhancing 

scientific productivity, improving research quality, and promoting innovation (Petersen, 2015). 

However, as Janich & Zakharova (2011) argue, bridging science and practical implementation 

requires transdisciplinary collaborations, not only across academic disciplines but also through 

actively involving non-academic stakeholders such as farmers, policymakers, and conservation 

organizations (Fig. 1). This approach ensures that problems to be addressed are brought into 

scientific contexts with genuine interest from practice and that resulting solutions are 

communicated back to both academic and practitioner communities. This makes conservation 

efforts more effective, ensuring scientific insights translate into solutions relevant to land 

managers and users (Meine et al., 2006).  

Therefore, public outreach and practical recommendations should no longer be optional but 

integral components of conservation science (Fig. 1). Knowledge must not only be produced but 

also shared, discussed, and co-developed, making biodiversity conservation a shared societal 

responsibility (Jolibert & Wesselink, 2012). The evolving relationship between science and 

society reflects growing expectations for researchers to engage beyond academia, balancing 

ecological understanding with societal human needs (Bennett et al., 2017).  

Citizen science is one example of how this responsibility can be shared, as it raises awareness 

and fosters behavioral change which empowers communities to participate in biodiversity 

conservation actively (Karelis et al., 2024). These efforts also build trust between science and 

society, a critical factor in making biodiversity research impactful and inclusive. Only through such 

inclusive collaboration can biodiversity protection truly become a shared societal endeavor. 
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Figure 1: Levels of holistic research integration with knowledge transfer for a transformative impact. The 

diagram created by the author illustrates the progression from research within a single field, expanding to 

collaborative research across multiple fields, followed by interdisciplinary research which integrates 

knowledge across disciplines. Transdisciplinary research extends beyond academia by involving 

stakeholders, thus promoting practical applications, while knowledge transfer bridges science and society, 

fostering transformation. 

CASE STUDIES 

1. The Biodiversity Exploratories 

The Biodiversity Exploratories research program (www.biodiversity-exploratories.de), funded by 

the DFG (German Research Foundation) and established in 2006, is a large-scale and long-term 

initiative to investigate the impacts of land-use intensity on biodiversity and ecosystem processes 

(Fischer et al., 2010). Unified by common research questions and a shared design, this 

collaborative effort investigates how land-use intensity, i.e., mowing, grazing, and fertilization, 

shapes biodiversity and ecosystem processes across multiple trophic levels, including plants, 

arthropods, birds, and soil organisms. The collaboration also involves land managers and other 

http://www.biodiversity-exploratories.de/
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stakeholders, helping to bridge the gap between scientific research and practical land-use 

application (Vogt et al., 2019).  

Methods of the Biodiversity Exploratories 

The Biodiversity Exploratories span three ecologically and land-use diverse regions in Germany, 

with 150 grassland plots (50 per region) representing the full range of land-use intensity and 

management practices typical of Central Europe (Fischer et al., 2010). These plots encompass 

a variety of grassland types: about 35% are meadows, mown at different frequencies for hay or 

silage, another 35% are pastures grazed by livestock under varying stocking densities and 

grazing durations, and around 27% are managed as mown pastures combining both mowing and 

grazing. Two thirds of meadows and mown pastures are fertilized, while only 15% of pastures 

are. The remaining 3% are fallow land (Vogt et al., 2019). Grassland management decisions 

made by local farmers may change annually. To track land-use intensity over time, standardized 

interviews with landowners and managers have been conducted annually since 2006 (Vogt et 

al., 2023). These interviews provide detailed data on fertilization, grazing, and mowing practices, 

providing a consistent basis for analyzing management impacts on biodiversity and ecosystem 

functions (Vogt et al., 2019).  

Therefore, all research groups work on the same 150 plots (or subsets thereof), ensuring 

consistency and comparability across studies. This coordinated approach allows for systematic 

interdisciplinary investigation of biodiversity and land-use effects, supported by high replication 

which enhances the statistical power and robustness of findings. In addition to long-term 

monitoring and comparative studies, replicated experiments on multiple plots enhance the 

reliability and generalizability of findings while providing a controlled framework to uncover 

ecological mechanisms and test context-dependent effects. The combination of these 

approaches enhances the reliability and applicability of results. 

Results of the Biodiversity Exploratories 

Since its establishment in 2006, the Biodiversity Exploratories have facilitated large-scale, long-

term ecological research, engaging approximately 600 members (from scientists to the 

organizing committee) and over 200 different research projects (from soil science to botany and 

zoology, and many more) across 57 institutions (note: numbers include forest research). By 

implementing standardized data collection protocols and an open-access data policy through its 

BExIS tool (Biodiversity Exploratories Information System, http://doi.org/10.17616/R32P9Q), the 

project has enabled national and international researchers as well as inter- and transdisciplinary 

teams to build upon its findings. This initiative has significantly advanced the understanding of 

the effects of land-use intensity on biodiversity, ecosystem functions, and species interactions, 

http://doi.org/10.17616/R32P9Q
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producing numerous high-impact studies spanning microbial communities to multitrophic 

interactions (Fig. 2). 

 

Figure 2: Research areas and conceptual framework as basis of the Biodiversity Exploratories. Copyright 

holder of the graphic: Markus Fischer. 

 

The Biodiversity Exploratories have generated extensive ecological insights into how land-use 

intensity affects biodiversity, as reflected in numerous highly cited publications. These studies 

and many more underscore the importance of biodiversity in sustaining ecosystem functioning 

and resilience, positioning the Biodiversity Exploratories as a model for long-term, landscape-

scale ecological research.  

The development of the land-use intensity index (LUI) by Blüthgen et al. (2012) is a key 

contribution, combining mowing frequency, grazing intensity (LSU d ha-1), and fertilization (kgN 

ha-1). The LUI has helped demonstrate a strong negative relationship between land-use intensity 

and biodiversity across multiple taxa. For example, Seibold et al. (2019) showed that arthropod 

declines are largely driven by landscape-level changes, particularly habitat simplification. This 

pattern is also described by Gossner et al. (2016) who revealed that intensified land use reduces 

species and functional diversity across multiple trophic levels, leading to ecological 

homogenization. Gámez-Virués et al. (2015) showed that such simplification selectively filters 

species traits, altering community structure and ecosystem functioning.  

In addition to the impact on species richness, these studies show cascading effects and resource 

availability for higher trophic levels and emphasize the importance of functional interactions, such 

as those between plants and pollinators. Blüthgen & Klein (2011) underscored the role of 

functional complementarity and specialization in maintaining ecosystem stability, while Blüthgen 
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(2010) critically reflected on how network analysis can be better integrated into community 

ecology to improve our understanding of these interactions.  

Biodiversity’s role in supporting ecosystem multifunctionality has also been a key research focus. 

Allan et al. (2015) demonstrated that land-use intensification alters ecosystem multifunctionality 

by reducing biodiversity and changing functional composition while Soliveres et al. (2016) 

highlighted that biodiversity across multiple trophic levels is crucial for sustaining ecosystem 

functions. Manning et al. (2018) showed that different ecosystem services are underpinned by 

different sets of species, reinforcing the need for diverse communities. As a result, temporal 

variability in land-use intensity has been proposed as a strategy to promote multidiversity, with 

Allan et al. (2014) showing that dynamic management practices can help buffer against 

biodiversity loss.  

2. The BioDivKultur Project 

BioDivKultur (“biodiversity cultures” in urban and rural areas – an integrative research to promote 

insect diversity in green spaces) is a three-year inter- and transdisciplinary research project 

funded by the BMBF (Federal Ministry of Education and Research) under the FEdA initiative for 

the preservation of biodiversity (https://biodivkultur.de/; https:// feda.bio/de/). The project 

investigates how biodiversity can be promoted in managed green spaces through sustainable 

mowing practices and cross-sector collaboration, aiming to establish “biodiversity cultures”. 

Mowing practices vary widely depending on land-use goals, from aesthetics and recreational 

needs in urban parks, productivity in agriculture to conservation in semi-natural meadows. These 

practices are shaped by differing priorities, existing knowledge, and practical constraints, all of 

which influence whether arthropods survive in these habitats. The concept of “biodiversity 

cultures” therefore bridges micro-level interventions, i.e., insect-friendly mowing, which requires 

precision and evidence-based knowledge, with macro-level cultural awareness and ethical 

reflections on biodiversity, which are a shared concern that includes everyone, not just scientists 

and conservationists.  

The BioDivKultur project operates at the intersection between ecological research and human 

decision-making. It studies how mowing influences insect and spider populations while 

simultaneously examining how values, usage interests, action options, and regulatory 

mechanisms shape land-use decisions. The goal is to co-develop realistic, implementable 

strategies that align ecological sustainability with human priorities. 

The Framework of the BioDivKultur Project 

The BioDivKultur project positions itself as both inter- and transdisciplinary, involving 

collaboration between ecology, social sciences, and humanities, as well as partnerships with 

various practitioners (Fig. 3). The ecological component investigates how different mowing 

https://biodivkultur.de/
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techniques affect arthropods, focusing on practical solutions for sustainable grassland 

management. The research questions were developed in cooperation with non-academic 

stakeholders. For example, comparative experiments evaluated the impact of various mower 

types, including testing whether “insect-friendly” mulchers – as claimed by the developers – are 

both effective and feasible in practice (publications in preparation). Additionally, the role of 

unmown refuges in supporting insect populations was examined. 

The applied linguistics team engaged in BioDivKultur analyzes biodiversity discourse and 

stakeholder communication, particularly the framing of conservation practices like reduced 

mowing. The political science team examines regulatory frameworks and decision-making 

processes for green space design. The philosophy team contributed critical reflections on human-

nature relations, environmental ethics, and the cultural framing of biodiversity. 

To translate findings into practice, the scientific team organized participatory workshops aimed 

explicitly at non-academic stakeholders to explain research methods and to present and discuss 

findings. Internal workshops for all project members were conducted alongside public workshops.  

Furthermore, the BioDivKultur project involves practitioners in a transdisciplinary framework. 

Municipal departments, a landcare association, a museum, and an NGO raise public awareness 

about protecting biodiversity and develop educational materials. The green space and the 

environmental office of Darmstadt bought an “insect-friendly” mower to test its feasibility and 

integrate measures for biodiversity into green space management to a certain extent. The 

Association for Countryside Preservation (LPV) Landkreis Göttingen e. V. collaborates with local 

land managers and produces advisory materials. The Association for Environment and Nature 

Preservation Germany (BUND) Darmstadt and the interactive nature museum bioversum 

Jagdschloss Kranichstein support public engagement through demonstration areas, exhibitions, 

and school programs. Digital tools developed by the digital archive of natural history Darmstadt 

DiNArDa e.V. further enhance outreach via interactive apps and educational media. 
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Figure 3: The framework of the BioDivKultur project combines an interdisciplinary approach that bridges 

multiple academic disciplines with a transdisciplinary approach that involves active collaboration with non-

academic stakeholders. 

Results and products of the BioDivKultur project 

The BioDivKultur project is focused primarily on refining our understanding of how mowing 

impacts arthropod biodiversity with a translative approach.  

In collaboration with the Biodiversity Exploratories, a recent study by Berger et al. (2024) found 

that mowing significantly reduces arthropod abundance and diversity, with the lowest populations 

immediately after mowing and gradually recovering over time. Among mowing machines, 

mulchers had the most detrimental effects. Furthermore, Hartlieb et al. (2024) developed a new 

compound mowing intensity index through a comprehensive literature review to better capture 

the ecological effects of different mowing practices. Existing land-use intensity measures, such 

as the land-use intensity index (Blüthgen et al., 2012), primarily accounted for mowing frequency 

but did not consider variations in technique and machinery. The newly proposed index integrates 

multiple mowing parameters besides the frequency, namely the type of machine used, cutting 

height, and conditioner usage, offering a more comprehensive tool for assessing the impact of 

mowing practices on biodiversity.  

In addition, the BioDivKultur project integrated ecological and philosophical perspectives in its 

interdisciplinary work. Berger, Daum & Hartlieb (2024) proposed refuges as socio-ecological 

solutions in the Anthropocene, particularly in urban areas where insect decline and human 

challenges are most pronounced. After the philosophical counterpart had clarified the relevant 

terminology, a systematic literature review on unmown refuges by the ecological counterpart 

revealed that over 70% of studies reported positive effects on arthropods. While insects and 

spiders have specific habitat needs, humans actively shape their own environments, yet both 
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face increasing ecological crises. Sanetra et al. (2024) showed that urbanization reduces moth 

abundance and diversity, with mowing intensity and smaller habitats as major drivers. Urban sites 

favored generalist species and differed in species composition compared to sites in the 

surrounding more rural areas. Thus, refuges present a valuable strategy to support both 

biodiversity and human well-being (Berger, Daum & Hartlieb, 2024). 

To integrate political and ecological research, interviews were conducted with political and 

strategic decision-makers, operational experts, and civil society representatives. The research 

explored public perceptions, policy frameworks, and practical challenges related to mowing 

practices. The findings highlight that successful conservation outcomes rely not only on 

ecological effectiveness but also on social feasibility and clear communication. Key barriers 

include limited staffing and financial resources, while opportunities lie in institutionalizing 

biodiversity as a formal responsibility, fostering cross-sector collaboration, and enhancing public 

engagement (Zenglein et al., in review).  

These findings provide a strong foundation for practical conservation efforts, ensuring that 

biodiversity-friendly management practices are both scientifically validated and implementable. 

The BioDivKultur project produced diverse research and outreach outputs, bridging the gap 

between science and practice. One such example is the insect calculator 

(https://insektentaschenrechner.de/), which helps land managers assess the impact of different 

mowing techniques on arthropods (Berger et al., in review). Integrated into public exhibitions in 

the city center of Darmstadt, in the form of so-called “Points of Insects”, it exemplifies how 

collaborative research can foster public engagement and urban biodiversity awareness.  

Workshops were a key outreach element, including a mowing workshop for land managers, 

municipalities, and farmers hosted by the ecological team. The findings on biodiversity-friendly 

mowing practices were complemented by a conference paper (Berger, Hartlieb & Walther, 2022). 

Additionally, policy briefs translate scientific findings into practical recommendations for 

policymakers, practitioners, and media. Berger, Daum, Freudenberg et al. (2024) highlighted how 

municipalities can promote insect diversity through sustainable green space management. They 

advocate for reduced mowing, unmown refuges, and diverse plantings, emphasizing community 

involvement. Consequently, biodiversity-friendly contract specifications for external companies 

responsible for the management of green spaces were established through a collaborative effort 

between ecological science with the green space planning and the environmental office.  

In addition, the BioDivKultur project integrates art and nature education to reach broader 

audiences. The short film “Arthrocalypse”, produced with director Daniela Magnani Hüller, was 

showcased at film festivals and received several nominations 

(https://www.magnanima.de/arthrocalypse). The bioversum hosted a two-year outdoor 

exhibition, now available as a travelling exhibition (Umlauf, 2025). The BioDivKultur project also 

participates in the annual #MoreThanWeeds campaign, an international educational initiative to 

https://insektentaschenrechner.de/
https://www.magnanima.de/arthrocalypse
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highlight urban plant diversity growing from concrete cracks (Daum, 2023). To engage with new 

target groups in conservation topics, interactive computer games were developed, and several 

podcasts were produced, all freely accessible online. BioDivKultur actively uses various social 

media platforms to communicate research, raise awareness, and foster public engagement in 

biodiversity conservation. 

DISCUSSION 

Comparative examination of the two projects 

Both the Biodiversity Exploratories and BioDivKultur project exemplify the power of collaboration, 

showcasing how interdisciplinary and transdisciplinary research can drive conservation efforts by 

bridging scientific research with solutions relevant to land users. While they share common goals 

of understanding biodiversity dynamics under land-use pressures and translating findings into 

practice, their approaches differ in scope, methodology, and stakeholder engagement.  

The Biodiversity Exploratories, as a long-term, large-scale project, have significantly deepened 

the understanding of biodiversity dynamics under land-use intensification. Its extensive network 

of scientists addresses complex ecological challenges while offering practical solutions for 

sustainable land management and conservation to maintain grassland biodiversity. The 

standardized methodologies and extensive temporal data exchange make it possible to detect 

long-term patterns, yet the project tends to be more biologically multidisciplinary, with research 

groups primarily concentrating on their own disciplinary inquiries. Overarching collaborations 

across disciplines remain limited. However, currently, there is a focus on synthesizing data 

through extensive exchanges and combining independently obtained results to advance 

ecological understanding. Still, those syntheses are often additive rather than integrating and 

these efforts often stop short of translating findings into practical management strategies. 

Moreover, interactions with agricultural stakeholders tend to be one-directional, focused mainly 

on gathering land-use data rather than fostering reciprocal knowledge exchange. Nevertheless, 

there will be a new funding phase, and some applications from the social sciences and 

humanities were submitted, albeit mainly as separate, independent projects. 

In contrast, the BioDivKultur project, more limited in scope and duration, explicitly bridges science 

and practice by incorporating social sciences and engaging non-academic stakeholders from the 

outset. The focus lies on transferring knowledge to address practical questions concerning land 

management, such as identifying the most insect-friendly mowing technique, with research 

developed in direct response to these needs. However, the expectation that research and 

knowledge transfer, let alone the implementation of the results, could proceed in parallel proved 

overly ambitious, as proper evaluation requires time and the publication process is often lengthy. 

Moreover, sharing results prematurely can jeopardize publication opportunities, making it 

challenging to communicate findings in advance. Additionally, the funding phase is not long 
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enough for implementation after publication. Nevertheless, many products were developed, most 

in collaboration between academic and non-academic partners, often with more of a focus on 

science communication rather than on transdisciplinarity. Here, it became evident that differing 

power dynamics across stakeholder institutions influenced the entire process, often causing 

delays due to multiple layers of approval and decision-making. Since the process often involved 

numerous feedback loops, the final outcomes were consistently met with high satisfaction from 

all involved. 

Moreover, several scientific studies were conducted, though two can be considered truly 

interdisciplinary (Berger, Daum & Hartlieb, 2024; Zenglein et al., under review), the others would 

be classified as multidisciplinary. Finding suitable journals was particularly challenging, as topics 

often fell between disciplinary boundaries, requiring further substantial revisions during peer 

review to meet the expectations of either biological or social sciences and humanities audiences. 

Nevertheless, the interdisciplinary approaches and transdisciplinary engagement of these 

projects provided valuable insights into the potentials and the challenges of co-producing 

knowledge. To understand how such research can inform practice in a meaningful way, it is 

crucial to examine the persistent barriers for implementation and the structural shifts required to 

overcome them. 

Synthesis: From research to practice 

Despite the growing awareness of biodiversity loss, translating ecological research into effective 

and lasting conservation strategies remains challenging. Structural, social, and economic barriers 

frequently prevent even well-supported scientific findings from being implemented.  

One key limitation is that many ecologists are not trained in science communication, policy 

engagement, or stakeholder collaboration, skills that are essential for bridging the gap between 

scientific knowledge and practical decision-making (Safford et al., 2017). This highlights the 

critical importance of inter- and transdisciplinary collaborations, where expertise from the natural 

sciences is integrated with insights from social sciences, humanities, and the experiences of non-

academic stakeholders. Rather than treating social science, humanities, and stakeholder 

engagement as a secondary, advisory role, these dimensions must become central to the 

research process (Jolibert & Wesselink, 2012). Transdisciplinary collaboration, where land users, 

policymakers, NGOs, and other actors actively participate in shaping research questions and co-

developing solutions, can foster mutual learning and build trust (White et al., 2023).  

Yet, knowledge transfer in conservation research often remains unidirectional, with scientists 

positioned primarily as knowledge providers rather than facilitators of mutual exchange. Effective 

biodiversity conservation depends on constructive and solution-oriented two-way dialogue 

between science and policy to move beyond criticism toward actionable collaboration (Young et 

al., 2014). Moving from outreach to truly participatory research requires creating spaces where 



Chapter 1 – The importance of collaboration, interdisciplinarity, and transdisciplinarity in 
grassland research 

45 
 

practitioners actively contribute to shaping research questions, methods, and outcomes (Pooley 

et al., 2014). 

Scientific evidence alone does not drive conservation outcomes, it must be communicated 

clearly, grounded in context, trustworthy, and aligned with the values and capacities of those 

responsible for implementation. This requires researchers to navigate uncertainties, address 

knowledge gaps, and engage with diverse audiences (Cook et al., 2013). This shift calls for a 

rethinking of the role of science communication. As Bucchi and Trench (2021) argue, science 

communication should be understood as a social conversation shaped by ethics, inclusion, and 

historical context, not merely the dissemination of facts. Moving from outreach to genuine 

collaboration means that practitioners must help shape research questions and methodologies 

from the outset, not merely receive findings after the fact. 

For example, implementing biodiversity-friendly mowing practices is not only a question of 

ecological understanding but also a socioeconomic one. Farmers often lack the financial flexibility 

to trial alternative mowing techniques without subsidies or risk protection. This challenge is 

especially pronounced in regions where economic pressures favor short-term productivity over 

long-term sustainability. Without flexible subsidies by result-oriented measures, even well-

researched conservation strategies are challenging to implement; therefore, ensuring long-term 

financial support for biodiversity-friendly land management is essential (Tasser et al., 2019).  

In addition, land-use decisions in grassland management are shaped by complex trade-offs 

between ecological goals and socio-economic demands, including recreation, aesthetics, safety, 

and productivity. As such, effective conservation strategies must account for the practical, 

cultural, and economic realities of land managers and local communities. Aligning biodiversity 

goals with these diverse priorities requires more than scientific evidence, it calls for inclusive 

dialogue, mutual understanding, and institutional support. Strengthening policy frameworks to 

support biodiversity-friendly practices is crucial, but building long-term, trust-based collaborations 

between scientists, practitioners, and policymakers is equally important. These collaborations 

can shape public discourse, promote collective responsibility, and ensure that conservation 

efforts are both scientifically rigorous, socially feasible, and enduring, ultimately achieving 

meaningful biodiversity conservation for safeguarding grassland ecosystems. 

FUTURE OUTLOOK 

The future of grassland conservation can no longer be the sole domain of ecological science. 

Instead, it must be reframed as a shared societal task, requiring collaboration across knowledge 

domains, institutions, and societal groups. As the urgency of biodiversity loss grows, so does the 

need for scientifically rigorous, socially inclusive, and practically actionable research. 

We could begin by designing research projects not only around disciplinary expertise, but around 

the capacity to co-create solutions with diverse actors. These alliances must be forged early, 
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maintained beyond project cycles, and supported through long-term, adaptive, and inclusive 

research frameworks. Extending project timeframes and infrastructure is essential to enable 

iterative learning, continuous stakeholder engagement, and the sustained collection of long-term 

data. This involves creating dedicated positions for boundary spanners within universities and 

research institutions, professionals trained not only in communication but also in participatory 

methods and policy engagement (Safford et al., 2017). Future scientists will require expertise not 

only in ecology but also in systems thinking, public engagement, and collaborative governance. 

This calls for a broader transformation in how academic careers are shaped and valued. 

In addition, agri-environmental policies and subsidy programs must be expanded and aligned 

with biodiversity goals, providing land managers with the necessary incentives and security to 

adopt sustainable practices. User-friendly tools and decision-support systems tailored to farmers 

and practitioners will further facilitate the adoption of biodiversity-friendly land use. 

Further comparative studies across ecological and socio-political contexts are essential to 

identifying both generalizable patterns and locally adapted solutions. These efforts must be 

supported by robust international collaboration, particularly to address transboundary 

environmental challenges. Scaling up research efforts from regional to global levels will require 

coordinated funding, shared infrastructures, and open-access data platforms.  

Only by reinforcing interdisciplinary and transdisciplinary collaboration, integrating scientific 

innovation, participatory governance, and supportive policy frameworks can effective, durable, 

and equitable grassland conservation strategies be created that secure biodiversity and human 

well-being in the long term.  
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ABSTRACT 

Background: Only a few decades ago, colorful, small-scale, heterogeneous, and species-rich 

hay meadows or extensive pastures were common, but have often been replaced by species-

poor, uniform, large-scale multicut meadows. Technological advancements and improved 

efficiency in grassland management have come at the cost of biodiversity. 

Methods: In Germany, 150 grassland plots have been investigated since 2006. Using these 

extensive data, we propose a new compound index for estimating the site-specific mowing 

intensity in order to facilitate assessment of the impact of mowing intensity on biodiversity and 

ecosystem processes. Our index integrates the various qualitative components of mowing 

machine type, mowing height and use of a conditioner, with the annual number of cuts. 

Results: The newly proposed index achieves a much finer gradation of mowing intensity 

compared to the previous quantification based on the number of cuts only. Furthermore, a 

decrease in plant and arthropod species was observed at higher mowing intensity. 

Conclusion: The proposed mowing intensity index offers enhanced precision in calculations and 

can easily be integrated into assessments of land-use intensity in grasslands. Further, it could 

serve as a basis for providing subsidies to farmers, who adopt low-impact mowing practices. 

Keywords: applications; conditioner; number of cuts; mower; mowing height; species richness 

INTRODUCTION 

The loss of biodiversity is a pressing issue (Ceballos et al., 2015), primarily caused by human 

activities and particularly related to land use over recent decades (Newbold et al., 2015; 

Outhwaite et al., 2022; Watt, 2020). Many animal and plant species are disappearing from 

particular regions or even becoming extinct (Pimm et al., 2014; Pimm & Raven, 2000). Globally, 

more than 44 000 species, which are 28% of all described species, are threatened with extinction 

(IUCN, 2023). Biotopes and landscapes are also lost due to homogenization (Benton et al., 2003). 

However, the situation was not always like this. In the preceding centuries, humans shaped 

cultural landscapes so that diversity and species richness were enhanced (BfN, Bundesamt für 

Naturschutz, 2014). Especially in central Europe, grasslands, predominantly influenced by 

human activity, often possess unique combinations of flora and fauna, rendering them highly 

valuable (Dierschke & Briemle, 2008). For example, half of all plant species in Germany occur in 

grasslands. Thus, maintaining diverse grassland habitats is a main goal of nature conservation 

(Briemle, 2009). 

Grassland species composition varies due to factors like elevation, microclimate, exposure, soil 

type, and water supply. However, human activities like drainage, fertilization, and mowing and 

grazing schedules, play a significant role by shaping grasslands as dynamic ecosystems. While 

continuous grazing by livestock or wild ungulates maintains both grazed as well as natural 
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grasslands and savannas, mowing causes a sudden nonselective defoliation (pulse disturbance) 

of all plants (Dierschke & Briemle, 2008). 

In former times, farmers mowed meadows using a scythe, a process that involved significant 

human labor to mow, then turn, and harvest hay. Since it was not possible to mow everything 

simultaneously, sections of the grassland were left unmown for varying periods, ranging from 

hours to several days, preserving habitat for flora and fauna (Reiter et al., 2004). 

In winter cold areas, livestock were typically housed in barns, leading to a need for hay. However, 

as the duration of barn confinement and the number of animals increased, along with 

advancements in livestock industry efficiency and intensity, as well as the invention and adoption 

of ensilage technology, the demand for fodder grew. Consequently, many meadows were either 

partitioned from pastures or replaced by arable land for crop cultivation (Dierschke & Briemle, 

2008). Further, the amalgamation of small, diverse meadows increased their average size and 

often resulted in entire landscapes being mown rapidly, sometimes within just a few hours. As a 

result, alternative escape habitats for meadow-dwelling species, especially for insects, became 

scarce (Reiter et al., 2004).  

Increased mowing frequency necessitates regular fertilization for healthy biomass growth, driving 

a global surge in fertilizer use for higher yields (Zhang et al., 2017). This trend parallels a surge 

in powerful, large machinery adoptions to enhance efficiency, causing large-scale degradation 

and loss of ecological potential by a standardization of plant cover. Meanwhile, small-scale 

structures such as stone walls or ponds, along with semi-natural elements like managed 

woodlands or traditional orchards, have mostly been removed. These features, influenced by 

humans but still retaining natural traits, are crucial for supporting biodiversity by providing habitats 

and refuges for plants and animals (Dierschke & Briemle, 2008). 

For hay and silage production and prevention of succession into woody vegetation, meadows 

must be mown. This necessitates a compromise between promoting biodiversity and ensuring 

sufficient yields. However, modern mowing regimes, while leading to higher yields and efficiency, 

are not without consequences for the majority of animals and plants inhabiting meadows: While 

many species survive annual mowing, the practice decreases their population. However, 

intensified management might further reduce the number of surviving individuals (Humbert et al., 

2009; Milberg et al., 2017). Some plant populations rely on adaptations to mowing practices and 

seed production for survival. However, grassland management challenges certain plants, as they 

struggle with increased light and temperature from altered sun exposure. Excessive and early 

mowing further reduces plant diversity (Kremer, 2016). 

Furthermore, rapid and simultaneous mowing of extensive areas greatly affects arthropod 

species by limiting their escape into unmown refuges. This significantly impacts their survival 

during mowing and harvesting. The lack of essential microhabitats and structural elements, like 

older plant stands including stems or mulch, vital for the life cycle, for example, for hibernation, 
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of many arthropod species, is critical. Essential food resources and oviposition sites disappear 

with mowing. Nonmobile or less mobile species or life-cycle stages, mostly larvae, are killed 

directly by mowing or are carried away with the cuttings (Van Klink et al., 2019). Depending on 

the mowing technique used, mortality and injury rates of arthropods can be up to 80% (Humbert 

et al., 2009). 

The drop in insect populations is linked to a decline in bird populations, especially insectivorous 

birds (Tallamy & Shriver, 2021). Over the past four decades, bird populations in Europe have 

decreased due to farmland practices (Rigal et al., 2023). Incorrectly timed mowing during the 

breeding season can directly or indirectly threaten breeding birds and their nests, elevating the 

risk of predation (Tome et al., 2020). Amphibians, particularly in wet meadows during their 

breeding season in early spring, are highly vulnerable to mowing. In one study, over a quarter of 

the amphibian population experienced mortality or injury in a single mowing event, with the extent 

of this impact varying based on the mowing regime and equipment used, and the size of the 

amphibians (Oppermann & Claßen, 1998). Mammals are likewise at risk of being injured or killed 

by mowing. Fawns, for instance, often hide in meadows and face a 44% risk of being killed during 

mowing (Jarnemo, 2002). Similarly, juvenile hares tend to sit rather than flee and can experience 

high mortality rates (Grendelmeier, 2011). 

Therefore, it would be helpful to have a tool to calculate the impact of mowing and the usage of 

different techniques on an area. Until now, calculations that accounted for mowing used only the 

number of cuts (Blüthgen et al., 2012). This approach fails to fully capture the multidimensional 

impact of mowing on an area, as it does not account for the effect of favorable or unfavorable 

mowing practices on biodiversity. With a new calculation method, this could become achievable. 

With this study, we provide an overview of mowing components and their applied practices in 150 

grasslands plots covered by the project Biodiversity Exploratories (Blüthgen et al., 2012; Fischer 

et al., 2010; Vogt et al., 2019). In this framework, we propose a new compound index for 

estimating the site-specific mowing intensity, considering already published literature for ranking 

different mowing techniques on the biodiversity of meadow-dwelling species. The new mowing 

intensity index takes into account information on the farmer’s mowing practices like the numbers 

of cuts, the type of mowing machine, mowing height, and conditioner usage to quantify the effects 

of mowing over time. Therefore, in a first step, we initiate the evaluation of the different mowing 

components and, in a second step, integrate them into the developed mowing intensity index and 

further provide examples of applications.  

MATERIALS AND METHODS 

Model parameters 

In most studies, mowing intensity is simply assessed by the number of times a meadow is cut 

per year (Blüthgen et al., 2012; Vogt et al., 2019). This approach does not consider the extent to 

https://www.biodiversity-exploratories.de/de/
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which mowing practices are influencing the abundance and biodiversity of various meadow-

dwelling organisms. Therefore, we propose 𝑀(𝑖), a mowing intensity index, which is the sum of 

the quantum and the quality of the implemented mowing regime. 𝑀(𝑖) provides nuanced 

continuous values to facilitate a higher resolution and more gradual distinction of mowing. The 

index has a higher value with mowing practices that are unfavorable and has a lower value with 

those being more favorable to the biodiversity. 

Our approach to defining mowing involved considering various components integral to the 

mowing process to better investigate the effects and changes over time. These components 

comprise continuous and categorical variables, which we ranked by their potential impact on 

meadow-dwelling species, based on a comprehensive literature analysis. Further, we propose a 

benchmark 𝑥̅k, as the chosen mean value of each component, representing a midpoint between 

favorable or unfavorable mowing practices affecting the biodiversity of meadow-dwelling species 

(see Supporting Information S1). 

Our literature review covered studies on plants, birds, amphibians, reptiles, mammals (e.g., 

Briemle et al., 2002; Grendelmeier, 2011; Oppermann & Claßen, 1998; Saumure et al., 2007), 

and particularly focused on arthropods, for which the majority of studies have been conducted 

(e.g., Buri et al., 2013; Humbert et al., 2009). Arthropod abundance and diversity in a meadow 

are positively related to structural heterogeneity and plant species diversity (e.g., Ebeling et al., 

2018; Haddad et al., 2009). However, the response to mowing may vary among different taxa. 

Further, we assume that a higher density of arthropods has a positive effect on animals that feed 

on them, such as birds, small mammals, reptiles, and amphibians.  

In summarizing our literature review and to introduce the mowing variables, the most lowest- 

impact mowing practices recommend the following: 

• The number of cuts  ̶ 𝑵𝑪𝒖𝒕𝒔: Every mowing event is harmful. Thus, limiting the number 

of cuts to 1 per year is recommended (e.g., Busch et al., 2019; Humbert et al., 2010a). 

• The type of mowing machine  ̶ 𝑴𝒐𝒘𝒊𝒏𝒈𝑴𝒂𝒄𝒉𝒊𝒏𝒆: Different mowing machines lead to 

highly different mortality rates. Bar mowers are recommended whenever possible (e.g., 

Humbert et al., 2010b); if not, a disc mower should be chosen (e.g., Humbert et al., 2009). 

Avoid using drum mowers and mulchers (e.g., Humbert et al., 2010b).  

𝒙̅𝒌 = 𝟏; on the basis of the bar mower, which has the lowest impact of 1. 

• The cut height of the mowing machine  ̶ 𝑪𝒖𝒕𝑯𝒆𝒊𝒈𝒉𝒕𝒄𝒎: Different cutting heights lead 

to different mortality rates. It should be ensured that the cutting height remains above 8 

cm, preferably exceeding 10 cm (e.g., Saumure et al., 2007). 

 𝒙̅𝒌 = 𝟖; 8 cm cut height. 

• The usage of a conditioner  ̶ 𝑪𝒐𝒏𝒅𝒊𝒕𝒊𝒐𝒏𝒆𝒓: Conditioners are machines that bend or 

crush the cut grass directly after mowing to accelerate the grass drying process 
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(Oppermann & Claßen, 1998). Using one always has a negative impact; therefore, the 

use of conditioners should be avoided (e.g., Hecker et al., 2022).  

𝒙̅𝒌 = 𝟎. 𝟓; numerically differentiating the nonusage (0) from the unfavorable usage (1) of 

a conditioner. 

• Flushing bars or scare devices  ̶ 𝑭𝒍𝒖𝒔𝒉𝒊𝒏𝒈𝑩𝒂𝒓𝒔: The use of flushing bars seems to 

have a positive effect; therefore, flushing bars should be utilized in front of the mowing 

machine (Klonglan et al., 1959). 

𝒙̅𝒌 = 𝟎. 𝟓; numerically differentiating the usage (0) from the unfavorable nonusage (1) of 

flushing bars. 

• Remaining area, which is uncut  ̶ 𝑼𝒏𝒄𝒖𝒕𝑨𝒓𝒆𝒂: Leaving at least 10%-20% areas of the 

meadow unmown (Handke et al., 2011) positively impacts meadow-dwelling species, 

since they can escape in such refuges (e.g., Buri et al., 2013; Cizek et al., 2012). 

𝒙̅𝒌 = 𝟎. 𝟓; numerically differentiating the presence (0) from the unfavorable nonpresence 

(1) of refuges. 

• Specific driving patterns of the mowing machine  ̶ 𝑫𝒓𝒊𝒗𝒊𝒏𝒈𝑷𝒂𝒕𝒕𝒆𝒓𝒏: Choosing a 

mowing pattern that allows the escape of grassland species in unmown parts of the 

meadow has a positive effect on the survival rate of animals inhabiting the meadow 

(Prochnow & Meierhöfer, 2003). 

𝒙̅𝒌 = 𝟎. 𝟓; numerically differentiating the nature conservation-friendly driving pattern (0) 

from the unfavorable driving pattern (1). 

For the mowing components 𝑫𝒓𝒊𝒗𝒆𝑺𝒑𝒆𝒆𝒅𝒌𝒎𝒉 (driving speed of the mowing machine, 𝒌𝒎 𝒉 − 𝟏), 

𝑭𝒊𝒓𝒔𝒕𝑪𝒖𝒕𝑫𝒂𝒕𝒆 (date of the first cut of a year), 𝑪𝒖𝒕𝑾𝒊𝒅𝒕𝒉𝒎 (cut width of the mowing machine), 

𝑯𝒂𝒓𝒗𝒆𝒔𝒕𝑷𝒓𝒐𝒄𝒆𝒔𝒔 (details on the harvesting process), and 𝑴𝒂𝒄𝒉𝒊𝒏𝒆𝑾𝒆𝒊𝒈𝒉𝒕 (weight of the 

mowing machine), no generally valid low-impact mowing practice recommendation could be 

made (Supporting Information S1). 

𝑴(𝒊), a mowing intensity index 

For further illustration, we now introduce and explain the mowing intensity index (for a detailed 

description, see Supporting Information S2).  

Starting with Equation (1) with 𝑁𝐶𝑢𝑡𝑠, which is the sum of the counted mowing events 𝑗 of each 

site 𝑖, (a meadow in a particular year): 

  𝑁𝑗,Cuts(𝑖) = {
1,          𝑀𝑜𝑤𝑖𝑛𝑔
0,    𝑁𝑜 𝑚𝑜𝑤𝑖𝑛𝑔.

 (1) 

As example in Equation (2), when we consider the total number of cuts over the course of a year, 

the count comes to four : 

  𝑁Cuts(𝑖) = 𝑁1,Cut(𝑖) + 𝑁2,Cut(𝑖) + 𝑁3,Cut(𝑖) + 𝑁4,Cut(𝑖) = 4. (2) 
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On the basis of 𝑁𝐶𝑢𝑡𝑠(𝑖), which is the most important component and the superordinate variable 

of the mowing intensity index and acts as a multiplier, as it describes how often the meadow was 

mown per year, we introduce 𝑀(𝑖) via the following formula in Equation (3). Here, additional 

variables are taken into account. The additional variables have an increasing or a decreasing 

effect of the value of each cut, 𝑁𝐶𝑢𝑡𝑠. Increasing if unfavorable and decreasing if favorable mowing 

practices for the biodiversity of meadow-dwelling species are applied: 

  

 𝑀(𝑖) = ∑ 𝑀𝑗(𝑖)𝑗 = ∑

(

 
 
1+

1

𝑁cuts(𝑖)
×

(∑ 𝛼𝑘
𝑥𝑘(𝑖)−𝑥̅𝑘
𝑥̅𝑘−𝑥𝑘,min

𝑍new

𝑘=1

)

𝑍new

)

 
 

𝑗 , (3) 

where 𝑀(𝑖) is the sum of 𝑀𝑗(𝑖), which is the sum of the quantity and the quality of each mowing 

event. 𝑗 is each mowing event of each site 𝑖. 𝑁𝐶𝑢𝑡𝑠 is the number of cuts for each site 𝑖. 𝑍𝑛𝑒𝑤 is 

the number of newly introduced mowing variables. 𝑘 stands for the additional variables taken into 

account for each mowing event 𝑗 and on each site 𝑖. 𝑥̅k is the point of reference, the benchmark, 

a chosen mean of each variable between favorable or unfavorable mowing practices on 

biodiversity, which was determined by our literature review. 𝛼𝑘 is the corresponding signum of 

the variables depending on whether favorable or unfavorable mowing practices on biodiversity 

are higher or lower than the benchmark 𝑥̅𝑘. 𝑥𝑘,𝑚𝑖𝑛 is the corresponding minimum of the additional 

variables, to normalize the mowing intensity index. Thus, for each site value, we subtract 𝑥k (𝑖), 

by the benchmark 𝑥̅k (similar to a mean) and normalize it to fit the number of cuts on average. 1+ 

guarantees non-negative outcomes by ensuring that each mowing event, which can have either 

positive or negative consequences, is accounted for at least once.  

Application of the formula 

To further illustrate the newly developed mowing intensity index 𝑀(𝑖), we present an application 

on a selected plot. This involves the incorporation of additional variables denoted as 𝑘 for a site 

𝑖 and the corresponding cuts 𝑗 additionally. For all variables, we introduce lower thresholds 𝑥𝑚𝑖𝑛 

and benchmarks 𝑥̅𝑘, grounded through a literature research and the availability of data from the 

Biodiversity Exploratories (Table 1). 
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Table 1: Variables for assessing the intensity of mowing on meadows with the values of the benchmark 

𝑥̅k, the corresponding signum 𝛼𝑘, the mean, the median, and the corresponding minimum 𝑥𝑘,𝑚𝑖𝑛 and 

maximum 𝑥𝑘.𝑚𝑎𝑥, as well as the information about the available data. n.a. indicates that no value could be 

set for this variables due to contradictory literature, no clear indications or too complex interactions with 

various requirements. 

Variables 𝑥̅k 𝛼𝑘 Mean Median 𝑥𝑘,𝑚𝑖𝑛 𝑥𝑘.𝑚𝑎𝑥 Data from 

𝑁𝐶𝑢𝑡𝑠 1 + 1.6 1 0 5 2006 to 2021 

𝑀𝑜𝑤𝑖𝑛𝑔𝑀𝑎𝑐ℎ𝑖𝑛𝑒 1 + 3 3 0 4 2006 to 2021 

𝐶𝑢𝑡𝐻𝑒𝑖𝑔ℎ𝑡𝑐𝑚 8 - 7.5 7 3 15 2006 to 2021 

𝐶𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑒𝑟 0.5 + 0.6 1 0 1 2006 to 2021 

𝐷𝑟𝑖𝑣𝑒𝑆𝑝𝑒𝑒𝑑𝑘𝑚ℎ n.a. n.a. 11.2 12 6 20 2006 to 2021 

𝐹𝑖𝑟𝑠𝑡𝐶𝑢𝑡𝐷𝑎𝑡𝑒 n.a. n.a. 172.5 167 11 364 2006 to 2021 

𝐶𝑢𝑡𝑊𝑖𝑑𝑡ℎ𝑚 n.a. n.a. 6.3 6 1.8 12 2006 to 2021 

 

With the mowing intensity index, additional variables 𝑘 in addition to 𝑁𝐶𝑢𝑡𝑠 can be incorporated or 

omitted based on their data availability. While we highlighted additional variables potentially 

impacting mowing, these have not been included in our calculations, due to there being 

insufficient data within the Biodiversity Exploratories project, conflicting or insufficient literature, 

or challenges in assessing their impact.  

The corresponding signum 𝛼𝑘 and weightings of the variables 𝑘 are (Equation 4) 

  𝑥𝑗,𝑘=1(𝑖) =  𝑀𝑜𝑤𝑖𝑛𝑔𝑀𝑎𝑐ℎ𝑖𝑛𝑒𝑗(𝑖) →  𝛼1 = +1, 

  𝑥𝑗,𝑘=2(𝑖) =  𝐶𝑢𝑡𝐻𝑒𝑖𝑔ℎ𝑡𝑐𝑚,𝑗(𝑖)        → 𝛼2  =  −1,   (4) 

  𝑥𝑗,𝑘=3(𝑖) =  𝐶𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑒𝑟𝑗(𝑖)           → 𝛼3  =  +1. 

The calculations utilized data spanning from 2010 to 2021, reflecting the data set's progressions 

as new variables were added over time. The additional variables 𝑘 were assigned equal weighting 

due to insufficient data and the lack of literature detailing the specific influence of each mowing 

component on meadow-dwelling species (see Supporting Information S3 for calculations of the 

mowing intensity index with different weightings). 

The mowing intensity index thus becomes (Equation 5) 
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  𝑀𝑗(𝑖) = 1 +
1

𝑁𝑐𝑢𝑡𝑠(𝑖)
×

1

3⏟
𝑍new=3

× [(1)⏟
𝛼1

×
𝑀𝑜𝑤𝑖𝑛𝑔𝑀𝑎𝑐ℎ𝑖𝑛𝑒𝑗(𝑖)−𝑀𝑜𝑤𝑖𝑛𝑔𝑀𝑎𝑐ℎ𝑖𝑛𝑒̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅

𝑀𝑜𝑤𝑖𝑛𝑔𝑀𝑎𝑐ℎ𝑖𝑛𝑒̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅−𝑀𝑜𝑤𝑖𝑛𝑔𝑀𝑎𝑐ℎ𝑖𝑛emin
+⋯     +

⋯                 

                                         ⋯+ (−1)⏟
𝛼2

×
𝐶𝑢𝑡𝐻𝑒𝑖𝑔ℎ𝑡𝑐𝑚,𝑗(𝑖)−𝐶𝑢𝑡𝐻𝑒𝑖𝑔ℎ𝑡𝑐𝑚̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅

𝐶𝑢𝑡𝐻𝑒𝑖𝑔ℎ𝑡𝑐𝑚̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅−𝐶𝑢𝑡𝐻𝑒𝑖𝑔ℎ𝑡𝑐𝑚,𝑚𝑖𝑛
+⋯ 

                                            ⋯+ (1)⏟
𝛼3

×
𝐶𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑒𝑟𝑗(𝑖)−𝐶𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑒𝑟̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅

𝐶𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑒𝑟̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ −𝐶𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑒𝑟𝑚𝑖𝑛
] .

      (5) 

Next, we assume a meadow in an arbitrary year, i.e., mown area 𝑖 with the following 

information (Equation 6): 

 𝑁𝐶𝑢𝑡𝑠 (𝑖)  =  2, 

 𝑥1,1(𝑖)  =  𝑀𝑜𝑤𝑖𝑛𝑔𝑀𝑎𝑐ℎ𝑖𝑛𝑒1(𝑖)  =  2 (i.e., disc mower), 

 𝑥2,1(𝑖)  =  𝑀𝑜𝑤𝑖𝑛𝑔𝑀𝑎𝑐ℎ𝑖𝑛𝑒2(𝑖)  =  2 (i.e., disc mower), 

 𝑥1,2(𝑖)  =  𝐶𝑢𝑡𝐻𝑒𝑖𝑔ℎ𝑡𝑐𝑚,1(𝑖)  =  7, 

          𝑥2,2(𝑖)  =  𝐶𝑢𝑡𝐻𝑒𝑖𝑔ℎ𝑡𝑐𝑚,2(𝑖)  =  7,                                                                               (6) 

 𝑥1,3(𝑖)  =  𝐶𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑒𝑟1(𝑖)  =  1 (i.e., A conditioner was used for this cut.), 

 𝑥2,3(𝑖)  =  𝐶𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑒𝑟2(𝑖)  =  0 (i.e., No conditioner was used for this cut.). 

The values for the mowing intensity index 𝑀(𝑖) thus become (Equations 7 and 8) 

  

 

𝑀1(𝑖) = 1 +
1

2
×
1

3
× [(1) ×

2−1

1−0
+⋯

                                        ⋯+ (−1) ×
7−8

8−3
+⋯

                                               ⋯+ (1) ×
1−0.5

0.5−0
] = 1.36̇

𝑀2(𝑖) = 1 +
1

2
×
1

3
× [(1) ×

2−1

1−0
+⋯

                                        ⋯+ (−1) ×
7−8

8−3
+⋯

                                              ⋯+ (1) ×
0−0.5

0.5−0
] = 1.03̇.

 (7) 

Thus, 

  𝑀(𝑖)  =  𝑀1 (𝑖)  +  𝑀2 (𝑖)  =  1.36 +  1.03 =  2.4, (8) 

𝑀(𝑖) is increased in comparison to 𝑁𝐶𝑢𝑡𝑠 resulting from the additional six variables (three for 

each cut) that are entering the mowing intensity index. Five report unfavorable practices, and 

only one reports a practice that is favorable for biodiversity. 
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Data 

This study is based on the data and methodology from the Biodiversity Exploratories, which are 

a collection of large-scale and long-term projects, initiated in 2006. They are being carried out in 

three regions: (1) Schwäbische Alb (The Swabian Alps in the southwest of Germany), (2) Hainich 

(in central Germany), and (3) Schorfheide-Chorin (in the northeast Germany). Field sites (50 per 

region) cover a wide range from near-natural to intensively managed grasslands, with some being 

protected. For detailed site description, including management information and project specifics, 

refer to Fischer et al. (2010). 

Our analysis covered all 150 experimental grassland plots (sized 50 m × 50 m), including the 

respective land-use information throughout the three study regions. About 35% of the plots were 

meadows and 27% were mown pastures, of which two-thirds were fertilized (Fischer et al., 2010). 

No pesticides were used across these sites, except for one-time herbicide application in five plots 

(Seibold et al., 2019).  

A standardized questionnaire for the respective farmers, land owners, or tenants was developed. 

It contains a set of questions to obtain all relevant management information about the type and 

intensity of annual land use, as well as maintenance practices. The questionnaire has been 

carried out annually since 2006 and was refined in 2010. The respondents provided answers of 

different accuracy, and to minimize this, members of the local management teams incorporated 

additional observations of the land management. The requested information referred to the whole 

area, usually much larger than the actual plots (Vogt et al., 2019). From these data, we assessed 

the site-specific land-use information (Vogt et al., 2023).  

To calculate a mowing intensity index 𝑀(𝑖) with more site-specific information than just the 

number of cuts per year, we had to restrict the data from 2010 onwards. The refined data set 

contained more detailed information about mowing practices, including the cutting height and the 

conditioner usage. We had to discard data points where no mowing was performed in the 

respective year, that is, pastures were excluded, along with data points where information on the 

mowing process was missing, for example, no indication of the type of mowing machine. Further, 

if a site had information just for one cut, but was mown several times this year, we assumed the 

same information for all cuts of the same year, for example, usage of the same mowing machine.  

In general, the total data set used contained many non-numeric entries (e.g., the information 

about the type of mowing machine). These non-numeric values were transformed (as described 

in the Supporting Information S1), so that every variable fitted into an ordinal scale.  

Since disc and drum mowers are both types of rotary mowers, and the term "rotary mower" is 

often used in the records without specification as to type, we have assumed that it refers to a 

drum mower. This is because drum mowers are more common, and we assumed a more severe 

impact on biodiversity compared to disc mowers. 

https://www.biodiversity-exploratories.de/de/
https://www.biodiversity-exploratories.de/de/
https://www.biodiversity-exploratories.de/de/
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For some of our calculations, we used values to estimate the intensity of grazing and fertilizing 

on a specific area from 2010 to 2021 according to Blüthgen et al. (2012), based on information 

from the land owners (Vogt et al., 2019). Grazing is derived by multiplying the livestock units with 

the duration of grazing per hectare (𝑑 ℎ𝑎 − 1), accounting for cattle, sheep, horses, and goats, 

ranging from 2 to 2500 animals for 1 to 365 days. Fertilization is quantified in kilograms of nitrogen 

per hectare, encompassing organic or inorganic sources such as manure, slurry, biogas, mash, 

and nitrogen, applied from 1 to 7 times annually, ranging between 6 and 360 𝑘𝑔 ℎ𝑎−1. Further, 

the amount of yield harvested (𝑑𝑡𝑇𝑀 ℎ𝑎
−1) represents the dry matter in decitonne per hectare and 

year. 

Data analysis 

The data for the calculations for 𝑀(𝑖), the new compound index to estimate the mowing intensity, 

were evaluated and calculated in Python (Guido van Rossum, 2007). If necessary, data were 

converted into an ordinal scale (see above) and 𝑀(𝑖) was calculated for each plot per year. For 

the repository with the Python scripts with the associated codes, go to: https://git-ce.rwth-

aachen.de/margarita.hartlieb/mowing-intensity-index. 

Further data analysis was carried out in R (R Core Team, 2021). We conducted four different 

calculations with the square-rooted fertilization intensity, the log-transformed grazing intensity (for 

mown pastures), the square-rooted yield (𝑑𝑡𝑇𝑀 ℎ𝑎
−1), and the log-transformed size of the 

meadow (ha) as response variables with zero values omitted for the first three mentioned, with 

𝑀(𝑖) as the predictor variable. Therefore, we calculated model II simple linear regressions (R-

package “lmodel22”, Legendre, 1998) and displayed our calculations as RMA (reduced major 

axis). 

To provide an example analysis of the application of our mowing intensity index on the 

relationship with meadow-dwelling species, we used comprehensive plant (Schäfer et al., 2018) 

and arthropod (Seibold et al., 2019) species richness data, sourced from the Biodiversity 

Exploratories. These data sets span from 2010 to 2017 and were drawn from already published 

studies (Godoy et al., 2022; Seibold et al., 2019). See references or Supporting Information S4 

for a description of the sampling.  

If no mowing took place in a specific year (n=385) the respective data were excluded. In total, 

the analyses were based on 734 plot-year combinations. To examine the relationship between 

arthropod or plant species richness (response variables) and the scaled mowing intensity index 

𝑀(𝑖) (predictor variable), generalized linear mixed models with Poisson errors (R-package ‘lme4’, 

Bates et al., 2011) were used. To account for the hierarchical structure of the data with plots 

being nested within regions, region was included as random intercept. Since species richness is 

count data, potential overdispersion was accounted for by specifying an observation-level 

https://git-ce.rwth-aachen.de/margarita.hartlieb/mowing-intensity-index
https://git-ce.rwth-aachen.de/margarita.hartlieb/mowing-intensity-index
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random effect (following Harrison, 2014). Further, we repeated the same analysis with 𝑁𝐶𝑢𝑡𝑠 as 

predictor variable. 

RESULTS 

For 𝑀(𝑖), the mowing intensity index, we used a total of 914 data points of 112 mown areas from 

2010 until 2021. 𝑀(𝑖) considers further next to 𝑁𝐶𝑢𝑡𝑠 the additional variables 𝑀𝑜𝑤𝑖𝑛𝑔𝑀𝑎𝑐ℎ𝑖𝑛𝑒, 

𝐶𝑢𝑡𝐻𝑒𝑖𝑔ℎ𝑡𝑐𝑚, and 𝐶𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑒𝑟, which results in a better resolution for 𝑀(𝑖) in comparison to the 

previously used cut frequency, 𝑁𝐶𝑢𝑡𝑠 (Figure 1a and Supporting Information S1: Figure S8a).  

 

Figure 1: 𝑀(𝑖) calculated on data from 2010 to 2021 of all three Biodiversity Exploratories (Schwäbische 

Alb, Hainich, and Schorfheide-Chorin): (a) Histogram of the distribution of the number of occurrences of 

𝑀(𝑖) (b) Trends over the years of 𝑀(𝑖) with the annual mean and standard error. 

The annual mean of 𝑀(𝑖) initially decreased and then increased again in our time series (Figure 

1b), which in general was slightly higher compared to the annual mean of 𝑁𝐶𝑢𝑡𝑠 (Supporting 

Information S1: Figure S8b). Differences between regions were pronounced: the Schwäbische 

Alb had a higher 𝑀(𝑖) than the Hainich or Schorfheide-Chorin (for a region-specific analysis and 

annual trends, see Supporting Information S5, especially Supporting Information S1: Figure S9).  

Some meadows were fertilized and there was a positive correlation between fertilization intensity 

and 𝑀(𝑖) (r = 0.423, ***p < 0.01) (Figure 2a). When considering the annual yield, more biomass 

was taken from sites with a higher 𝑀(𝑖) (r = 0.345, ***p < 0.01) (Figure 2b). Grazing intensity and 

𝑀(𝑖) were negatively correlated (r = -0.283, ***p < 0.01) (Figure 2c). There were no real 

differences in 𝑀(𝑖) between the types of mown pastures, that is, all year, permanent, rotational, 

or portion pasture, and whether the animals are fed supplementary or not.  
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Figure 2: Reduced major axis regressions (red line) with 95% confidence interval (gray lines) of 𝑀(𝑖) with 

(a) the square-rooted fertilization intensity, (b) the square-rooted yield of the dry matter in decitones per 

hectare of the area (𝑑𝑡𝑇𝑀 ℎ𝑎 − 1), and (c) the log-transformed grazing intensity (for mown pastures); zero 

values are omitted. 

Example Analysis with Arthropod and Plant Data 

Arthropod species richness (z = -4.1, ***p < 0.01) and plant species richness (z = -7.4, 

***p < 0.01) decreased with increasing mowing intensity index 𝑀(𝑖) (Figure 3).  Results were 

consistent with those obtained for 𝑁𝐶𝑢𝑡𝑠 for arthropod species richness (z = -3.6, ***p < 0.01) and 

plant species richness (z = -6.8, ***p < 0.01).  

 

Figure 3: Example analysis with 𝑀(𝑖) illustrated with data used from 2010 to 2017 on (a) arthropod and 

(b) plant species richness of all three Biodiversity Exploratories (Schwäbische Alb, Hainich, and 

Schorfheide-Chorin) sampled annually. Marginal prediction of a Poisson mixed-effects model (solid line) 

with 95% confidence interval (dashed lines). 

DISCUSSION 

With this study, we propose a new compound index 𝑀(𝑖) for estimating the site-specific mowing 

intensity, in order to facilitate assessment of the impact of mowing intensity on biodiversity and 
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ecosystem processes. One single mowing event is a complex process affected by various 

components such as the type of mower used (e.g., Humbert et al., 2009; 2010b), the cutting 

height (e.g., Saumure et al., 2007), and whether a conditioner is used (e.g., Hecker et al., 2022), 

among many others. Therefore, we devised a novel compound index, 𝑀(𝑖), to quantify the 

intensity of mowing to understand the effects and changes over time. We integrated various 

qualitative components of mowing machine, mowing height, and use of a conditioner, with the 

annual number of cuts as the basis. 

The main advantage of this index is its ability to condense numerous variables affecting a mown 

area into a single metric. A higher 𝑀(𝑖) implies that biodiversity potentially incurs higher impacts 

by the mowing technique used. Therefore, this index can be applied to gauge the impact of human 

interventions on meadow dwelling-species and their intrinsic growth rates, while considering 

additional mowing variables based on already published studies (e.g., Busch et al., 2019; Chisté 

et al., 2016). Each new variable in the mowing intensity index is independent of all other variables, 

and one can integrate an arbitrary number of variables into the mowing intensity index based on 

scientific evidence and available data. 

We weighted all integrated variables equally, since quantitative conclusions about their relative 

effects on meadow-dwelling species cannot yet be drawn, since data and literature are 

insufficient. As we cannot say which factors are underweighted or overweighted, it represents a 

neutral compromise. For future studies, additional, potentially important variables as well as their 

impact could be included and the alpha value could be set accordingly depending on the 

availability and significance of data. This would require a detailed look at the influences of the 

various mowing components and their impact on meadow species. 

Earlier studies using the land-use intensity index (LUI) for grazing, fertilizing, and mowing 

(Blüthgen et al., 2012), predominantly relied on the annual mowing frequency (𝑁𝐶𝑢𝑡𝑠), as part of 

their assessment (e.g., Blüthgen et al., 2022; Chisté et al., 2016; Vogt et al., 2019). This resulted 

in discrete numerical values (0, 1, 2, 3, ..) with obvious statistical limitations due to the discrete 

distribution of 𝑁𝐶𝑢𝑡𝑠. To rectify this limitation, we introduced 𝑀(𝑖) as a continuous index, 

enhancing the resolution of mowing intensity with possible integration within the LUI framework, 

in addition to the grazing and fertilizing intensities. Our findings revealed that both the compound 

index, 𝑀(𝑖), and the traditional metric based on mowing frequency, 𝑁𝐶𝑢𝑡𝑠, showed similar effects 

on arthropod and plant richness, so published results and recommendations are unlikely to be 

affected. On average, 𝑀(𝑖) yielded a higher numeric value for mowing intensity relative to 𝑁𝐶𝑢𝑡𝑠, 

due to additional variables, highlighting biodiversity unfavorable practices associated with specific 

mowing techniques and conditions. 

According to our data, most meadows were mown once or twice with a drum mower and a 

conditioner at a height of about 7 cm with a driving speed between 9 and 12 km h-1 and mowing 

width at around 8 m. The first mowing was usually in June. It is important to note that our data 
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did not include highly intensive grasslands that may be mown more than five times per year. In 

the data set encompassing 12 years, more than three yearly cuts were rare. Different data might 

yield different relativities between 𝑀(𝑖) and 𝑁𝐶𝑢𝑡𝑠, particularly in more intensive management 

contexts, as the index is not only applicable to grasslands. For example, it is also applicable in 

municipalities where some parks have the turf mulched to 3 cm once a week. 

Between 2010 and 2021, the annual trends were relatively consistent. Areas with an increased 

mowing intensity frequently correlated with higher fertilizer usage and a lower grazing intensity. 

This means that farmers applied more fertilizer with increasing mowing intensity, and more 

animals and more livestock units correlated with a decrease in mowing intensity. This leads to 

greater plant homogeneity and reduced meadow-dwelling species diversity (Busch et al., 2019; 

Chisté et al., 2016). This result could also be seen in our example analysis, where we observed 

a decrease in plant and arthropod species with increasing 𝑀(𝑖), as well with 𝑁𝐶𝑢𝑡𝑠. 

Natural grasslands are often grazed by wild ungulates, while pastures with livestock serve as 

their modern agricultural equivalent. Compared to meadows, pastures are generally more 

conducive to meadow-dwelling species (Busch et al., 2019; Chisté et al., 2016). However, in 

cases where grazing is impractical or undesirable, regular mowing is necessary to maintain 

grasslands and the associated diverse flora and fauna (Dierschke & Briemle, 2008; Kremer, 

2016). This presents a dilemma for nature conservation, as it directly or indirectly threatens the 

physical integrity of many meadow-dwelling species, such as insects, and deprives them of their 

habitat (Grime, 2006). Recognizing that there is no completely damage-free mowing technique 

(Humbert et al., 2010b), finding a compromise, particularly balancing biodiversity preservation 

with maintaining yield, becomes challenging. Our focus was on rating mowing components based 

on their nature conservation friendliness on the basis of existing literature on the impacts. Based 

on existing literature, recommendations favored low-impact adaptations such as using bar 

mowers over mulchers or rotary mowers and increased cut heights due to lower mortality rates 

(e.g., Humbert et al., 2009; Saumure et al., 2007). However, the practical and economic 

constraints associated with these recommendations, especially concerning avoiding the use of 

conditioners (e.g., Hecker et al., 2022), underscored the complexities of transitioning to low-

impact mowing practices. Specialization in profitable grassland management is often the only 

possible site-adapted use. Thus, conservation-oriented land use without financial subsidies is not 

feasible for farmers. Hence, governmental compensation payments and subsidies for farmers 

would secure the long-term existence of farmers and therefore protect habitats and preserve 

cultural landscapes. 

This study and the associated mowing intensity index refer only to mowing, but adjustments 

confined to mowing practices will only necessarily make a meadow more biodiverse if other 

measures are taken as well. For less mobile species, it is still unclear if subsequent harvesting 

processes, including tedding, swathing, or loading, might counterbalance the benefits gained 
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from low-impact mowing techniques (Humbert et al., 2010a). Therefore, we aim to encourage a 

more in-depth investigation of this point. As harvesting processes are inevitably associated with 

some degree of impact, it is crucial to evaluate each meadow individually. This in conjunction 

with the mowing intensity allows for informed decisions regarding conservation efforts and the 

most suitable site- and species-specific management regime. However, temporarily leaving 

sections of a meadow unmown is a straightforward and effective practice (Buri et al., 2013). This 

practice can benefit numerous organisms, thereby promoting biodiversity in grassland areas 

(Cizek et al., 2012). 

CONCLUSION 

This study provides an evaluation of mowing practices, highlighting the intricate balance between 

conflicting management and conservation considerations. It emphasizes the need for informed 

decisions and potential policy interventions to reconcile biomass productivity with biodiversity 

preservation consequences of mowing practices. This article presents a novel approach to 

quantify the intensity of mowing regimes in relation to the sustainability and land use of 

grasslands, since mowing is a process with many component factors influencing the impact. The 

proposed compound index for mowing intensity can be integrated into the widely known LUI 

(Blüthgen et al., 2012), thus improving the LUI by providing higher resolution on the intensity of 

mowing. Further, government departments can use this mowing intensity index to offer subsidies 

to farmers when using low-impact mowing practices; it can be applicable for municipalities or 

private persons, to calculate the potential impact of their mowing application. Further, we want to 

encourage future studies to adapt the index to the specific needs and include or exclude the 

variables according to the given area. 
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SUPPORTING INFORMATION 

Appendix S1: Literature evaluation of mowing components 

For the framework to define the mowing components, we have introduced model parameters that 

take into account different components of the mowing process. For all factors, we propose a 

neutral benchmark 𝑥̅𝑘, as chosen mean value of each variable, representing a midpoint between 

favorable or unfavorable mowing practices affecting the biodiversity of meadow-dwelling species. 

This neutral benchmark serves as the point of reference based on our conducted literature 

research. Further, it mitigates potentially strong weightings of the individual factors. With this 

subsequent literature review, we provide an overview of the different mowing components, their 

influence on biodiversity and their assessment by the literature found: 

• The number of cuts: 𝑵𝑪𝒖𝒕𝒔 

This factor describes how often the meadow is mown per year (Figure S5I). Short-rotation 

cutting restricts upper grasses and tall herbs in favor of low-growing, ground-leaf species. 

The mowing tolerance of meadow plants is that up to half of the species are sensitive to 

cutting, while only about 10% are not sensitive (Briemle et al., 2002; Busch et al., 2019). 

Through more intensive mowing, plant species were severely reduced (Dierschke & 

Briemle, 2008), which also affects their accompanying pollinators (Woodcock et al., 2014). 

The recommendations for farmers from a conservation perspective are typically clear: to 

reduce the annual cuts to a minimum (to just 1-2 cuts per year) due to the drastically 

https://git-ce.rwth-aachen.de/margarita.hartlieb/mowing-intensity-index
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negative effects of mowing on wildlife (Humbert, Ghazoul, Richner, et al., 2010; Noordijk et 

al., 2009, 2010).  

As mowing has an impact on the ecosystem but to preserve the cultural landscape and the 

meadow as a habitat, it has to be managed. However, different mowing events are assumed 

to be additive, i.e. the overall index increases with the number of cuts and their impact 

provided by the following parameters. Therefore, 𝑵𝑪𝒖𝒕𝒔 is used as a multiplicator of the 

formula. 

• The type of mowing machine: 𝑴𝒐𝒘𝒊𝒏𝒈𝑴𝒂𝒄𝒉𝒊𝒏𝒆 

This factor describes which type of mower the farmer used to mow (Figure S5II). Most of the 

meadows are used for agriculture and the yield of e.g., hay, silage, and green fodder plays 

an important role. The mowers, which are all assigned for harvest entry (except the 

mulcher), were rated with respect to their impact on flora and fauna from lowest (1) to highest 

(4). This was necessary as mowers are classified in categories and not in numerical values. 

1 = bar mower: There are double knife or finger-bar mower, which cut the grass with 

opposing blades (Oppermann et al., 2000). Since the grass is actually cut, the plants have 

a faster regeneration time compared to rotating mowing machinery (Van de Poel & Zehm, 

2015). With this method, hardly any excess cuttings are lost, and bar mowers cause no 

forage contamination due to swirled-up soil particles, further reducing the risk of accidents 

from thrown foreign bodies (Van de Poel & Zehm, 2015). Nonetheless, bar mowers are 

partly not so robust and susceptible to defects, offer lower impact force, and are more 

maintenance-intensive (Schön, 1986). Still, they require less energy and can be operated 

at a lower rate of speed (Van de Poel & Zehm, 2015). They still have a mortality rate, but 

the risk to insects, amphibians, and wildlife is reduced compared to the following mowers 

(CLAßEN et al., 1996; Grendelmeier, 2011; Hemmann et al., 1987; Humbert et al., 2009; 

Humbert, Ghazoul, Sauter, et al., 2010). 

2 = disc-mower: A disc mower is a bottom-driven rotary mower. All rotary mowers do not 

cut the grass evenly but knock it off, leading to shredded turf (Oppermann et al., 2000; Van 

de Poel & Zehm, 2015). Due to the operation of disc mowers, their effective area is 

significantly larger than that of cutting techniques, and the blades move much faster due to 

rotation (Schön, 1986). The working surface on which the blades act is not limited to the 

blade depth like that of a bar mower (Von Berg et al., 2023). The effective area of a disc 

mower is already more than twice as large as that of a bar mower (Van de Poel & Zehm, 

2015). Compared to the bar mower, rotary mowers are heavier and have increased 

amphibian mortality and doubled insect mortality (Humbert et al., 2009; Oppermann & 

Claßen, 1998). 
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3 = drum mower: A drum mower is a top-driven rotary mower. It’s effective area is five 

times greater than the area of a bar mower, and they cause a five times higher insect 

mortality (Humbert, Ghazoul, Sauter, et al., 2010; Van de Poel & Zehm, 2015; Von Berg et 

al., 2023). They are further reported to have high mortality rates among small mammals and 

amphibians (Grendelmeier, 2011; Oppermann et al., 2000; Oppermann & Claßen, 1998). 

Additionally, the airflow and thereby the suction force of fast rotating knives of this machinery 

is not to be neglected (Wu et al., 2023). This further heightens the risk of accidents and 

forage contamination, surpassing the risks posed by the preceding mowers (Van de Poel & 

Zehm, 2015). 

4 = mulcher (also called flail mower): Contrary to the previous mowers, cuttings do not 

have to be removed after mowing, and there is no hay yield. Everything is shredded smallest 

with the flails and incorporated into the meadow, thus fertilizing the meadow (Von Berg et 

al., 2023). The effective area of a mulcher is 10 times greater than the area of a bar mower 

(Von Berg et al., 2023). This mower has the overall highest mortality rate of flora and fauna 

of all mowers (Hemmann et al., 1987). However, a distinction can be made between tooth 

flail mulchers and y-blade flails, while the y-blades have a lower arthropod mortality 

(Löbbert, 2001).  

For 𝑴𝒐𝒘𝒊𝒏𝒈𝑴𝒂𝒄𝒉𝒊𝒏𝒆 the neutral benchmark was set to 𝒙̅𝒌 = 𝟏. This choice is based on 

the observation that mowing, regardless of the method used, always impacts the area, but 

machinery such as rotary mowers or mulchers are known to have more severe effects on 

flora and fauna compared to the bar mower. 

Further to mention the scythe, whereby there are motorized and hand-guided, should not 

be overlooked as a mowing technique, despite the insufficient literature to incorporate it into 

the rating. Since, until the beginning of the 20th century, farmers mowed their meadows 

with a scythe, as heavy machinery did not exist yet. Therefore, the mowing and the hay 

harvest lasted for several weeks. The uncut meadow areas remained for some time as a 

habitat for flora and fauna (Dierschke & Briemle, 2008). By the time they were cut, the 

previously mown areas had already grown back to the extent that some animal species 

could escape thither. This resulted in a small-scale structure of different development 

phases of the plant stands, conducive to the diversity of plants and animals (Classen, 1997). 

This pristine technique is still used on rough terrain, but due to the technological progress 

in agriculture, this practice can no longer be economical. Further, the mowing height cannot 

be adjusted and is, as a result, individual, which can lead to injuries of, e.g., amphibians 

(CLAßEN et al., 1996; Humbert, Richner, Sauter, et al., 2010). 
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• The cut height of the mowing machine: 𝑪𝒖𝒕𝑯𝒆𝒊𝒈𝒉𝒕𝒄𝒎 

This variable describes the cutting height above the soil level of the mowing machine (Figure 

S5III). A cutting height of 7 cm or more is favorable for the rapid regeneration of many plant 

species (Briemle & Ellenberg, 1994), and a cutting height underneath 8 cm is not insect 

friendly (Liczner, 1999), many authors even recommend 10 cm or higher (CLAßEN et al., 

1996; Liczner, 1999; Löbbert, 2001; Oppermann & Claßen, 1998). Mortality and injury rates 

of turtles were also increased at a cut height beneath 10 cm (Saumure et al., 2007). 

For 𝑪𝒖𝒕𝑯𝒆𝒊𝒈𝒉𝒕𝒄𝒎 the neutral benchmark was set to 𝒙̅𝒌 = 𝟖.  

• The usage of a conditioner: 𝑪𝒐𝒏𝒅𝒊𝒕𝒊𝒐𝒏𝒆𝒓 

This factor describes if the farmer used a conditioner with mowing (Figure S5IV). 

Conditioners are machines that bend or crush the cut grass directly after mowing to 

accelerate the grass drying process (Oppermann & Claßen, 1998). It causes more damage 

to the fauna than the mowing of any mowing machine (Humbert et al., 2009; Humbert, 

Ghazoul, Richner, et al., 2010). One should not use a conditioner where the conservation 

of the inhabiting fauna is of concern (Hecker et al., 2022; Oppermann et al., 2000). 

0 = no conditioner was used  

1 = with conditioner  

𝑪𝒐𝒏𝒅𝒊𝒕𝒊𝒐𝒏𝒆𝒓 has a neutral benchmark of 𝒙̅𝒌 = 𝟎. 𝟓, as the usage of the conditioner always 

has a negative impact on the fauna. The threshold was set such that the usage or non-

usage are contributing equally negatively or positively, and numerically differentiating the 

highest impact from the lowest impact.  

• Flushing bars or scare devices: 𝑭𝒍𝒖𝒔𝒉𝒊𝒏𝒈𝑩𝒂𝒓𝒔 

This factor describes if the farmer used flushing bars or any devices to scare away animals 

during mowing. By placing flushing bars in front of the mowing head, the attachment (f.e., 

bail, chain) should scare away the animals by stripping the vegetation just before mowing. 

In addition to species that fly away (birds, flying insects), this spares animals that drop to 

the ground in a death-feigning reflex, which can be observed, for example, in beetles (Sakai, 

2021). In pheasants, if incubation has not started, flushing bars seemed to be efficient 

(Klonglan et al., 1959). 

0 = flushing bar is present  

1 = no flushing bar  

The neutral benchmark of 𝑭𝒍𝒖𝒔𝒉𝒊𝒏𝒈𝑩𝒂𝒓𝒔 was set to 𝒙̅𝒌 = 𝟎. 𝟓, as the usage of the flushing 

bar seems to have a positive effect. The threshold was set such that the usage or non-

usage are contributing equally negatively or positively, again numerically differentiating the 

highest impact from the lowest impact. 
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• Remaining area, which is uncut: 𝑼𝒏𝒄𝒖𝒕𝑨𝒓𝒆𝒂 

This factor describes if there are any refuges, mosaics, or branches left after mowing. Large-

scale simultaneous mowing is problematic. However, unmown refuges, to which the animals 

can flee during the mowing and the subsequent harvesting processes, are beneficial for 

conserving flora and fauna (Aviron et al., 2007; Briemle, 1991; Cizek et al., 2012). Seed 

dispersal of plants could be inhibited, if there are no unmown areas (Dierschke & Briemle, 

2008). Further, in many cases refugia even have a positive effect on both the abundance 

and density of arthropods (Braschler et al., 2009; Buri et al., 2013, 2014; Rada et al., 2014; 

Valtonen et al., 2006; Wintergerst et al., 2021). Through the alternation of mown and 

unmown areas, the unmown retreat area can be used until the re-growth of the mown area 

(Parmentier, 2023). However, the leftover meadow must be close to the mown area (Van 

de Poel & Zehm, 2015). The recommendations are to leave at least 10-20% of the area 

unmown annually (Gigon & Rocker, 2010; Handke et al., 2011; Humbert et al., 2018). 

0 = refuges are present  

1 = no refuges  

The neutral benchmark of 𝑼𝒏𝒄𝒖𝒕𝑨𝒓𝒆𝒂 was set to 𝒙̅𝒌 = 𝟎. 𝟓, since leaving areas unmown 

has a positive effect on biodiversity through left refuges. The threshold was set such that 

leaving refuges or no refuges are contributing equally negatively or positively, respectively. 

Another option could be to set 𝒙̅𝒌 as the percentage of unmown refuges, as for example 

𝒙̅𝒌 = 𝟎.𝟐 is 20% of the meadow left unmown annually. 

• Specific driving patterns of the mowing machine: 𝑫𝒓𝒊𝒗𝒊𝒏𝒈𝑷𝒂𝒕𝒕𝒆𝒓𝒏 

This factor describes if the driving pattern during mowing is chosen in a nature-conserving 

way. The survival rate of meadow-dwelling animals increases with strip mowing from one 

side to another or mowing from the inside outwards (Prochnow & Meierhöfer, 2003; Tyler 

et al., 1998). This is due to the animals not being chased onto an area that will be mown 

over in the end, so there is no disconnection from the escape route. In addition, these 

techniques are more economical, as a higher area output is achieved and fuel costs are 

reduced (Prochnow & Meierhöfer, 2003). 

0 = nature conservation friendly driving pattern  

1 = no such driving pattern  

The neutral benchmark of 𝑫𝒓𝒊𝒗𝒊𝒏𝒈𝑷𝒂𝒕𝒕𝒆𝒓𝒏 was set to 𝒙̅𝒌 = 𝟎. 𝟓, since choosing a nature 

conservation friendly driving pattern always has a positive effect on the meadow-dwelling 

species. The threshold was set such that the execution or non-execution are contributing 

equally negatively or positively, respectively. 
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• The driving speed of the mowing machine: 𝑫𝒓𝒊𝒗𝒆𝑺𝒑𝒆𝒆𝒅𝒌𝒎𝒉 

This variable describes the speed of the mowing machine during mowing (Figure S5V). 

Some researchers suggest mowing faster because then the dwell time of the blades over 

the animals is shorter (Liczner, 1999; Oppermann et al., 2000). However, with the modern 

technology and the increasing speed of work, for many animals the chance to flee is limited 

by how fast the mower is approaching (Cizek et al., 2012; Tyler et al., 1998; Van de Poel & 

Zehm, 2015).  

• The date of the first cut of a year: 𝑭𝒊𝒓𝒔𝒕𝑪𝒖𝒕𝑫𝒂𝒕𝒆 

This variable describes when a meadow was mown for the first time in a year (Figure S5VI). 

Early mowing and the more frequent hay entry collide with the development stages of plants 

and many animals living in the meadow like birds, amphibians, and invertebrates (Briemle, 

1991; Humbert et al., 2009). The budding and sprouting of the plants are prevented, and 

eggs, clutches, pupae, and larvae are destroyed (Johst et al., 2006). For a bird-breeding-

friendly mowing regime, for the first cut, June 15 (166th Julian Day) is often specified in 

European nature conservation contracts (L. u. V. Ministerium für Ernährung, 2015; Reiter 

et al., 2004). For some insect order and the Corncrake however June 15 is still too early, 

since mowing collide with breeding, and many authors recommend the middle of July for 

the first cut (Buri et al., 2013; Johst et al., 2006; Tyler et al., 1998). However, summer 

mowing dates are not favorable for all species: Due to the microclimatic changes after 

mowing, Araneae are more affected by mowing in summer (Bell et al., 2001). For 

Auchenorrhyncha and Heteroptera, a single cut in May is the least harmful (Morris & 

Lakhani, 1979; Nickel & Achtziger, 2005). Still, it has been shown that delaying the first cut 

is better for most arthropods and plants (Humbert et al., 2012) or even delaying the mowing 

date in late summer or autumn (Van de Poel & Zehm, 2015). However, it is likewise 

important to consider the weather, the vegetation conditions of the given year, and the 

regional differences between the meadows. 

• The cut-width of the mowing machine: 𝑪𝒖𝒕𝑾𝒊𝒅𝒕𝒉𝒎 

This variable describes the width of the cut area of the mower attached to the tractor (Figure 

S5VII). The wider the cut width results in a reduced ratio of the area driven over to the area 

mown. Due to the impact of the tractor's tires on soil compaction (Elaoud & Chehaibi, 2011), 

a wider cut width results in a smaller area affected by this compaction, which has to be 

considered together with the weight and the width of the tractor itself. Further, a wider cut 

width decreases the number of plants crushed or bent by the tire. This is vital since ground-

dwelling species, especially non-mobile ones, suffer fatalities when run over (Grendelmeier, 

2011; Humbert, Ghazoul, Sauter, et al., 2010). Moreover, a wider cut width could offer 

economic advantages, mowing more area per trip, can reduce labor, time, and fuel 
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expenses. However, it can hinder the escape of certain animals like rabbits, frogs, or 

insects, because of the greater distance (Van de Poel & Zehm, 2015). Additionally, larger 

mowers may increase the overall machine weight, requiring a more powerful and fuel-

consuming tractor.  

• The weight of the mowing machine: 𝑴𝒂𝒄𝒉𝒊𝒏𝒆𝑾𝒆𝒊𝒈𝒉𝒕 

This variable describes the weight of the machinery used. The weight of the machinery and 

mowers should also be addressed, especially if heavy machines travel over the area 

repeatedly. Tires not only cause uneven ground as well as soil compaction, but also change 

the physical properties of soil. These changes impact the root development and yield of 

meadow-grass (Glab, 2013). One possibility could be minimizing the trips and another to 

work in tracks when harvesting grass so that only the same part of the area is affected by 

soil compaction. Hence, it has been found that the first trip over the area has the greatest 

impact (Elaoud & Chehaibi, 2011).  

• Details on the harvesting process: 𝑯𝒂𝒓𝒗𝒆𝒔𝒕𝑷𝒓𝒐𝒄𝒆𝒔𝒔 

This variable describes the subsequent harvesting processes and how often the area is 

driven over. With mowing, the subsequent harvesting processes and the resulting entry of 

the product of the cut vegetation should be considered. The individual steps of the following 

processes can cause more damage to animals than the mowing itself (Humbert et al., 2009). 

The positive effects of the bar mower in comparison with rotary mowers are often leveled 

by the subsequent harvesting process (Grendelmeier, 2011; Humbert, Ghazoul, Sauter, et 

al., 2010). 

For hay entry, farmers typically require several trips: one for mowing, at least one for 

tedding/turning, one or two for swathing (depending on the technique), and one for loading, 

meaning altogether more than four trips. Sometimes, swathing and loading occur 

simultaneously, or special machines swath directly during mowing. When producing green 

fodder or silage, the grass is cut and mostly collected immediately during mowing, involving 

only one trip. However, there is no contact of the cuttings with the ground, preventing insect 

escape and seed dispersal, as everything is transported away with the cuttings (Hemmann 

et al., 1987; Liczner, 1999). Silage production, depending on the type, may involve leaving 

cuttings for drying, which allows insect escape and seed dispersal, requires more than one 

trip. Mulching involves a single trip, shredding grass and leaving it on the meadow. Mowing 

without subsequent harvest processes, leaving long-cut grass on the meadow, is not 

recommended as it can suffocate lower plants, leading to matting and carpeting of the grass. 

In conclusion, intrusive subsequent harvesting processes should be avoided, and the entire 

process should be reduced to as few steps and processes as possible (Liczner, 1999). With 

loading at the earliest one day after mowing to leave the hay to dry and give the possibility 
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of seed dispersal and fleeing for animals (Humbert, Ghazoul, Sauter, et al., 2010; Liczner, 

1999; Van de Poel & Zehm, 2015). However, it is important to note that the number of trips 

is related to the produced product.  

No neutral benchmark was set due to contradictory literature, no clear indications or too complex 

interactions with various requirements, with the factors: 𝑫𝒓𝒊𝒗𝒆𝑺𝒑𝒆𝒆𝒅𝒌𝒎𝒉, 𝑭𝒊𝒓𝒔𝒕𝑪𝒖𝒕𝑫𝒂𝒕𝒆, 

𝑪𝒖𝒕𝑾𝒊𝒅𝒕𝒉𝒎, 𝑴𝒂𝒄𝒉𝒊𝒏𝒆𝑾𝒆𝒊𝒈𝒉𝒕 and 𝑯𝒂𝒓𝒗𝒆𝒔𝒕𝑷𝒓𝒐𝒄𝒆𝒔𝒔. 

A meadow may be subject to even greater utilization pressure than presented here. Whether the 

meadow is additionally grazed, fertilized, leveled, rolled, or seeded is not discussed as we only 

address the intensity of mowing. Furthermore, we do not delve into the specific feeding 

characteristics of certain hay for particular animals, as different animals have varying hay 

requirements. The aim of this study is to quantify the mowing intensity and to study effects and 

changes over time; thus, we want to provide a new method to estimate the intensity of mowing 

on the environment, since mowing is a process with many variables influencing the mown area 

differently.  

Appendix S2: The process of the mowing intensity index 
In previous studies 𝑁𝐶𝑢𝑡𝑠 was used as index to estimate the impact of mowing. However, 𝑁𝐶𝑢𝑡𝑠 

simply counts the mowing events. The idea was, on the basis of 𝑁𝐶𝑢𝑡𝑠, to create an index to 

assess the mowing intensity on grassland. This is the reason why 𝑁𝐶𝑢𝑡𝑠 is the most important 

component and the super-ordinate variable of the mowing intensity index 𝑀(𝑖), as it describes 

how often the meadow was mown per year. 𝑀(𝑖) is still a sum of the cuts per year, since after 

calculating each individual mowing event per plot. 𝑀𝑗(𝑖) and the mowing events per plot and year 

are summed to obtain 𝑀(𝑖). 𝑀(𝑖)  ∈  {0,1,2,3,4,5}. 

   𝑀(𝑖) =∑ 𝑀𝑗
mowing events per year

𝑗=1
(𝑖)   .  (A9) 

Therefore we were altering each 𝑀𝑗(𝑖) with respect to the involved mowing practices to get an 

approximation of the intensity of mowing on the land-use intensity on the biodiversity: The 

additional variables were introduced, which have an increasing or a decreasing effect of the value 

of each cut (𝑁𝐶𝑢𝑡𝑠), depending on the degree of impact on the area (positive or negative). 

To normalize the mowing intensity index, we chose the minimum to divide with. 

In the first step of creating the formula for the index, we only wanted to take variables that are 

integer or real values into account, because of simplicity (see Occam’s Razor). This is why we 

started our calculations with 𝐶𝑢𝑡𝐻𝑒𝑖𝑔ℎ𝑡𝑐𝑚: 

   

 𝑀(𝑖) = 1 +
1

𝑁Cuts
×
(

CutHeight𝑖−CutHeightmean
0.5×(CutHeightmax−CutHeightmin)

+⋯)

𝑍new

 (A10) 
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Here, the first idea was to alter 𝑁𝐶𝑢𝑡𝑠 by 0.5 with 𝐶𝑢𝑡𝐻𝑒𝑖𝑔ℎ𝑡𝑐𝑚. 

 𝑀(𝑖) = 1 +
1

𝑁Cuts
×
(±

CutHeight𝑖−CutHeightmean
𝑝𝑚𝑒𝑎𝑛×(CutHeightmax−CutHeightmin)

+⋯)

𝑍new
   . (A11) 

As second idea, as calculations with 0.5 were not precise enough since we wanted to reflect 

real values suitable, ±0.5 was exchanged by calculating with the mean. 𝑝𝑚𝑒𝑎𝑛 is therefore given 

as: 

 𝑝𝑚𝑒𝑎𝑛 =
CutHeightmean−CutHeightmin

CutHeightmax−CutHeightmin
 (A12) 

Here, we completed and calculated further 𝑀(𝑖) with another integer variable 𝐶𝑢𝑡𝑊𝑖𝑑𝑡ℎ𝑚 in 

the same way as above: 

𝑀(𝑖) = 1 +
1

𝑁Cuts
×
(±

CutHeight𝑖−CutHeightmean
𝑝𝑚𝑒𝑎𝑛×(CutHeightmax−CutHeightmin)

+
CutWidth𝑖−CutWidthmean

𝑝𝑚𝑒𝑎𝑛×(CutWidthmax−CutWidthmin)
+⋯)

𝑍new
  . (A13) 

We decided to include also other non-integer values in the formula by rating them to make 

them integer, through a literature review. 

𝑀𝑗(𝑖) = 1 +
1

𝑁Cuts(𝑖)
×
(𝛼1

AddVar1(𝑖)−𝐴𝑑𝑑𝑉𝑎𝑟1,𝑚𝑖𝑛̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅

𝑝1×(AddVar1,max−AddVar1,min)
+𝛼2

AddVar2(𝑖)−𝐴𝑑𝑑𝑉𝑎𝑟2̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅

𝑝2×(AddVar2,max−AddVar2,min)
+⋯)

𝑍new
, or 

𝑀𝑗(𝑖) = 1 +
1

𝑁Cuts(𝑖)
×
(∑

𝑍new
𝑘=1 𝛼𝑘

AddVar𝑘(𝑖)−𝐴𝑑𝑑𝑉𝑎𝑟𝑘
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅

𝑝𝑘×(AddVar𝑘,max−AddVar𝑘,min)
)

𝑍new
   .

 (A14) 

𝑁𝐶𝑢𝑡𝑠(𝑖), is the total number of cuts per season per site 𝑖, and 𝑍𝑛𝑒𝑤 is the number of newly 

introduced variables 𝐴𝑑𝑑𝑉𝑎𝑟𝑘(𝑖). 𝛼𝑘  defines whether the new variable 𝑘, i.e., 𝐴𝑑𝑑𝑉𝑎𝑟𝑘(𝑖) comes 

with a positive or a negative signum. Thus 𝛼𝑘  ∈  {−1,1}. Further, 𝐴𝑑𝑑𝑉𝑎𝑟𝑘̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅  was the mean of the 

new variable 𝑘, whereas 𝐴𝑑𝑑𝑉𝑎𝑟𝑘,𝑚𝑎𝑥 and 𝐴𝑑𝑑𝑉𝑎𝑟𝑘,𝑚𝑖𝑛 were the corresponding minimum and 

maximum that were allowed for variable 𝑘. And finally we needed to compensate for the mean of 

the variable, which is done by dividing by 𝑝̅𝑘, which was given as: 

 𝑝𝑘 =
𝐴𝑑𝑑𝑉𝑎𝑟𝑘̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅−AddVar𝑘,min

AddVar𝑘,max−AddVar𝑘,min
  . (A15) 

A third idea was to calculate with the corresponding Standard error ∆𝐴𝑑𝑑𝑉𝑎𝑟𝑘. 

𝑀𝑗(𝑖) = 1 +
1

𝑁Cuts(𝑖)
×
(𝛼1

AddVar1(𝑖)−𝐴𝑑𝑑𝑉𝑎𝑟1̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅

𝛥AddVar1
+𝛼2

AddVar2(𝑖)−𝐴𝑑𝑑𝑉𝑎𝑟2̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅

𝛥AddVar2
+⋯)

𝑍new
 ,  or

𝑀𝑗(𝑖) = 1 +
1

𝑁Cuts(𝑖)
×
(∑
𝑍new
𝑘=1 𝛼𝑘

AddVar𝑘(𝑖)−𝐴𝑑𝑑𝑉𝑎𝑟𝑘
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅

ΔAddVar𝑘
)

𝑍new
   .

 (A16) 

However, this idea was soon rejected, as were the previous ones, because the values were 

always calculated with themselves. We wanted an index with which all areas could be compared 

with each other and not each area separately. This is why we came up as a fourth idea, which 

was in the end the initial idea, to introduce a neutral threshold dividing harmful and better 

practices for each variable. 
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For this, we had to define what are harming practices and what are better practices in 

comparison to the practices which do harm. Based on already published studies, we conducted 

an intense literature review. 

The formula of the compound mowing intensity index 𝑀(𝑖) thus became: 

 𝑀(𝑖) = 1 +
1

𝑁Cuts(𝑖)
×
(∑
𝑍new
𝑘=1 𝛼𝑘

𝑥𝑗,𝑘(𝑖)−𝑥𝑘̅̅ ̅̅

𝑥𝑘̅̅ ̅̅ −𝑥𝑘,min
)

𝑍new
  . (A17) 

𝐶𝑢𝑡𝑊𝑖𝑑𝑡ℎ𝑚 had to be excluded in further analysis, as no neutral threshold could be set through 

the literature review. 

Each mowing event had a different weight on 𝑀(𝑖), which alters the value of 𝑁𝐶𝑢𝑡𝑠 between -1 

and +1 with the impact of mowing practices, i.e., the additional variables on the area. 

• In general, any amount of additional variables can be included into the mowing intensity 

index. The new variables need to be gauged by setting 𝛼𝑘. Further, 𝛼𝑘 can be used to use 

different weightings for different variables. 

• However, given that some thresholds and the corresponding ranges are not symmetrical, 

one can expect minor artifacts for extreme values. However, in order to cope with these 

extreme values, the mowing intensity index would become drastically more complicated and 

thus not suitable in this context. This problem does not occur when the threshold divides 

the value range for symmetrical, e.g., as is the case for the variable 𝐶𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑒𝑟. 

• Further, this imbalance depicts that non-beneficial mowing machines, e.g., the mulcher, has 

a stronger negative impact on the formula, i.e., the mulcher impact dwarfs the influence of 

the, e.g., the conditioner, which is in accordance with the literature, as the mulcher is a 

devastating mowing practice (Hemmann et al., 1987; Von Berg et al., 2023). 

Another idea for constructing the formula was to consider only the malign mowing practices, i.e., 

only mowing practices that increase the estimated impact of mowing, to increase the value based 

on the number of cuts. This can be expressed with the following formula: 

 
𝑀𝑗(𝑖) = 1 +

1

𝑁Cuts(𝑖)
×
(∑

𝑍new
𝑘=1 ReLU(𝛼𝑘

𝑥𝑘(𝑖)−𝑥𝑘̅̅ ̅̅

𝑥𝑘̅̅ ̅̅ −𝑥𝑘,min
))

𝑍new
    ,

 (A18) 

where the 𝑅𝑒𝐿𝑈 function, which is the part that allows only for malign mowing practices, is defined 

as follows: 

 ReLU(𝑥) = {
𝑥 if 𝑥 ≥ 0
0 otherwise

    . (A19) 

However, this calculation only leads to one-sided results and does not allow control or 

improvement with good regimes, so we discarded it.  
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Appendix S3: Alternative Weightings 

We decided to weight all additional variables the same, since there is no data available, which of 

these variables has the highest or the lowest impact on the meadow-dwelling species. However, 

we calculated the mowing intensity index with different weightings and present the histograms 

for different sets of 𝛼𝑘. The original weighting was set to: 

𝑀𝑜𝑤𝑖𝑛𝑔𝑀𝑎𝑐ℎ𝑖𝑛𝑒𝑗(𝑖), 𝛼 =  1 

𝐶𝑢𝑡𝐻𝑒𝑖𝑔ℎ𝑡𝑐𝑚,𝑗(𝑖), 𝛼 =  −1 

𝐶𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑒𝑟𝑗(𝑖), 𝛼 =  1 

Whereas we now find three alternative weightings, to further discuss the developed mowing 

intensity index (Figure S4). The summed up absolute values of all weightings needs to be 3, as 

the mowing intensity index is normalized by 3, i.e. the number of variables altering 𝑀(𝑖). This was 

done to show the impact of certain variables on the 𝑀(𝑖). 

Alternative Weighting 1: 

𝑀𝑜𝑤𝑖𝑛𝑔𝑀𝑎𝑐ℎ𝑖𝑛𝑒𝑗(𝑖), 𝛼 =  2 

𝐶𝑢𝑡𝐻𝑒𝑖𝑔ℎ𝑡𝑐𝑚,𝑗(𝑖), 𝛼 =  −0.5 

𝐶𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑒𝑟𝑗(𝑖), 𝛼 =  0.5 

Alternative Weighting 2: 

𝑀𝑜𝑤𝑖𝑛𝑔𝑀𝑎𝑐ℎ𝑖𝑛𝑒𝑗(𝑖), 𝛼 =  0.5 

𝐶𝑢𝑡𝐻𝑒𝑖𝑔ℎ𝑡𝑐𝑚,𝑗(𝑖), 𝛼 =  −2 

𝐶𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑒𝑟𝑗(𝑖), 𝛼 =  0.5 

Alternative Weighting 3: 

𝑀𝑜𝑤𝑖𝑛𝑔𝑀𝑎𝑐ℎ𝑖𝑛𝑒𝑗(𝑖), 𝛼 =  0.5 

𝐶𝑢𝑡𝐻𝑒𝑖𝑔ℎ𝑡𝑐𝑚,𝑗(𝑖), 𝛼 =  −0.5 

𝐶𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑒𝑟𝑗(𝑖), 𝛼 =  2 
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Figure S4: Histograms for 𝑀(𝑖) with alternative weightings: (a) Applied Weighting (b) Alternative 

Weighting 1 (c) Alternative Weighting 2 (d) Alternative Weighting 3. 

Appendix S4: METHODS 

Data analysis 

The data analysis was carried out in R (R Core Team, 2021) using RStudio 2022.07.2. For the 

overview of the mowing techniques, we analyzed data from 2006 to 2021 in the three regions, 

i.e., Schwäbische Alb, Hainich, and Schorfheide-Chorin of the Biodiversity Exploratories. These 

data consisted of 131 plots which were mown at least once over the investigated 16 years (the 

other 19 grassland plots were pure pastures). This sums up to 1564 plot years as data points 

containing the annual mowing information of each meadow. Altogether these meadows were 

mown 2516 times from 2006 to 2021.  

For a better visualization of the multidimensional data, we calculated Pearson’s correlations and 

conducted a PCA across the different variables: 𝑁𝐶𝑢𝑡𝑠, 𝑀𝑜𝑤𝑖𝑛𝑔𝑀𝑎𝑐ℎ𝑖𝑛𝑒, 𝐶𝑢𝑡𝐻𝑒𝑖𝑔ℎ𝑡𝑐𝑚, 

𝐶𝑢𝑡𝑊𝑖𝑑𝑡ℎ𝑚, 𝐶𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑒𝑟, 𝐷𝑟𝑖𝑣𝑒𝑆𝑝𝑒𝑒𝑑𝑘𝑚ℎ, 𝑌𝑒𝑎𝑟, 𝑛𝑡ℎ𝐶𝑢𝑡 and 𝐷𝑎𝑡𝑒𝐶𝑢𝑡. Here, we wanted to check 

for distinct differences in multi-dimensional space. The variables were independent of each other, 
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except the number of cuts (𝑁𝐶𝑢𝑡𝑠) was used to get the information of which specific cut (𝑛𝑡ℎ𝐶𝑢𝑡) 

the regime was applied.  

Further, for the analysis with the plant and arthropod data, another correlation matrix and a PCA 

was conducted. From 2010 to 2017, we used again all the mowing variables together with the 

species number of the found plants and arthropods on the plots. 

Sampling of arthropod and plant data 

Arthropods of the herb layer were sampled twice a year in June and August via sweep netting 

along a 150 m transect (comprising three of the plot borders) by conducting 60 double sweeps 

per site. Sampling was only carried out with dry weather and without heavy wind. The collected 

arthropods were determined first at order level and then at species level. For the analyses, the 

two sampling events were pooled by year and plot. For the plant data, plants species were 

identified, and their cover estimated in a 4 m × 4 m plot once in early summer, normally in May 

or beginning of June. Both data sets were sampled annually in all 150 plots of the Biodiversity 

Exploratories (Schwäbische Alb, Hainich and Schorfheide-Chorin). 

Appendix S5: RESULTS 

Single Variable Plots  

Here, we show the distribution and the average annual mean and corresponding standard 

deviation of the reviewed and potential variables for 𝑀(𝑖) (Figure S5). However, we solely take 

the additional variables 𝑁𝐶𝑢𝑡𝑠, 𝑀𝑜𝑤𝑖𝑛𝑔𝑀𝑎𝑐ℎ𝑖𝑛𝑒, 𝐶𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑒𝑟 and 𝐶𝑢𝑡𝐻𝑒𝑖𝑔ℎ𝑡𝑐𝑚 for 𝑀(𝑖) into 

account, since the data availability was complete, as well as already published literature was 

clear about their advantages and disadvantages (see Table 1 and Literature evaluation of 

mowing components). 
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Figure S5: (a) Histogram of the distribution of the data (b) Trends over the years with the annual mean and 

standard error; of all three Biodiversity Exploratories (Schwäbische Alb, Hainich and Schorfheide-Chorin). 

I: Number of cuts (2006-2021), II: Usage of different mowing machines (1 = bar mower, 2 = disc mower, 

3 = drum mower, 4 = mulcher; 2006-2021), III: Mowing height (cm) (2010-2021), IV: Usage of a conditioner 

(0 = no conditioner, 1 = with conditioner; 2010-2021), V: Mowing speed (km h-1) (2010-2021), VI: Mowing 

date (Julian Day; 2006-2021), VII: Mowing width (m) (2010-2021). 

Correlation Matrix and PCA of mowing variables 

To test whether there are correlations of the different mowing variables a correlation matrix was 

carried out for the years 2006-2021 (Figure S6). Not surprisingly 𝑁𝐶𝑢𝑡𝑠  correlated positively with 

𝑛𝑡ℎ𝐶𝑢𝑡, since 𝑛𝑡ℎ𝐶𝑢𝑡 was extracted from 𝑁𝐶𝑢𝑡𝑠. Most of the variables are independent of each 

other. However, 𝐷𝑎𝑡𝑒𝐶𝑢𝑡 showed an even higher positive correlation with 𝑛𝑡ℎ𝐶𝑢𝑡, since the 

specific cut was related to the Julian day. 𝑌𝑒𝑎𝑟 also correlates positively with 𝑛𝑡ℎ𝐶𝑢𝑡, and 

𝐶𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑒𝑟 with 𝐶𝑢𝑡𝑊𝑖𝑑𝑡ℎ𝑚. There is a negative correlation with 𝐶𝑢𝑡𝐻𝑒𝑖𝑔ℎ𝑡𝑐𝑚 and 

𝐷𝑟𝑖𝑣𝑒𝑆𝑝𝑒𝑒𝑑𝑘𝑚ℎ, as well as 𝐶𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑒𝑟, which in turn correlates negatively with 𝑌𝑒𝑎𝑟, as well as 

𝐷𝑎𝑡𝑒𝐶𝑢𝑡. 

Further, also for the years 2006-2021, a Principal component analysis (PCA) of the mowing 

variables was carried out (Figure S7). We used 9-dimensional data and found that the first 

dimension explained for 38% (stdev = 62%) of the proportion of variance, the second dimension 

18% (stdev = 42%) and the third dimension 15% (stdev = 38%). Showing the most importance 

of the principal component (cos2 of variables to dimension 1 and 2) for 𝑛𝑡ℎ𝐶𝑢𝑡 and 𝐷𝑎𝑡𝑒𝐶𝑢𝑡, and 

the least the 𝑀𝑜𝑤𝑖𝑛𝑔𝑀𝑎𝑐ℎ𝑖𝑛𝑒. In the PCA, you can also see the negative correlation between 
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𝐶𝑢𝑡𝐻𝑒𝑖𝑔ℎ𝑡𝑐𝑚 and 𝐷𝑟𝑖𝑣𝑒𝑆𝑝𝑒𝑒𝑑𝑘𝑚ℎ as in the correlation matrix, as well as the positive of 𝑁𝐶𝑢𝑡𝑠  with 

𝑛𝑡ℎ𝐶𝑢𝑡. 

 

Figure S6: Correlation Matrix of the variables 𝑁𝐶𝑢𝑡𝑠, 𝑀𝑜𝑤𝑖𝑛𝑔𝑀𝑎𝑐ℎ𝑖𝑛𝑒, 𝐶𝑢𝑡𝐻𝑒𝑖𝑔ℎ𝑡𝑐𝑚, 𝐶𝑢𝑡𝑊𝑖𝑑𝑡ℎ𝑚, 

𝐶𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑒𝑟, 𝐷𝑟𝑖𝑣𝑒𝑆𝑝𝑒𝑒𝑑𝑘𝑚ℎ, 𝑌𝑒𝑎𝑟, 𝑛𝑡ℎ𝐶𝑢𝑡 and 𝐷𝑎𝑡𝑒𝐶𝑢𝑡. 

 

 

Figure S7: Principal component analysis of the variables 𝑁𝐶𝑢𝑡𝑠, 𝑀𝑜𝑤𝑖𝑛𝑔𝑀𝑎𝑐ℎ𝑖𝑛𝑒, 𝐶𝑢𝑡𝐻𝑒𝑖𝑔ℎ𝑡𝑐𝑚, 

𝐶𝑢𝑡𝑊𝑖𝑑𝑡ℎ𝑚, 𝐶𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑒𝑟, 𝐷𝑟𝑖𝑣𝑒𝑆𝑝𝑒𝑒𝑑𝑘𝑚ℎ, 𝑌𝑒𝑎𝑟, 𝑛𝑡ℎ𝐶𝑢𝑡 and 𝐷𝑎𝑡𝑒𝐶𝑢𝑡 showing the first and the second 

dimension with the cos2 (quality of representation). 

Comparison 𝑴(𝒊) to 𝑵𝑪𝒖𝒕𝒔 

Here, we show a comparison of the distribution of 𝑀(𝑖), as well as a comparison of the average 

annual mean of 𝑀(𝑖) to 𝑁𝐶𝑢𝑡𝑠 (mowing frequency) for all Biodiversity Exploratories (Figure S8), 
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as well as between the regions Schwäbische Alb (Figure S9), Hainich (Figure S10) and 

Schorfheide-Chorin (Figure S11) from 2010 to 2021. 

All Biodiversity Exploratories 

 
Figure S8: From 2010 to 2021 of all three Biodiversity Exploratories (Schwäbische Alb, Hainich and 

Schorfheide-Chorin): (a) Histogram of the distribution of the number of occurrences of 𝑀(𝑖) (rose) and 

𝑁𝐶𝑢𝑡𝑠 (yellow) (b) Trends over the years with the annual mean of 𝑀(𝑖) (blue line) and 𝑁𝐶𝑢𝑡𝑠 (red line). 

Schwäbische Alb 

 
Figure S9: From 2010 to 2021 in the Biodiversity Exploratory region Schwäbische Alb: (a) Histogram 

of the distribution of the number of occurrences of 𝑀(𝑖) (rose) and 𝑁𝐶𝑢𝑡𝑠 (yellow) (b) Trends over the 

years with the annual mean of 𝑀(𝑖) (blue line) and 𝑁𝐶𝑢𝑡𝑠 (red line). 
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Hainich 

 
Figure S10: From 2010 to 2021 in the Biodiversity Exploratory region Hainich: (a) Histogram of the 

distribution of the number of occurrences of 𝑀(𝑖) (rose) and 𝑁𝐶𝑢𝑡𝑠 (yellow) (b) Trends over the years 

with the annual mean of 𝑀(𝑖) (blue line) and 𝑁𝐶𝑢𝑡𝑠 (red line). 

Schorfheide-Chorin 

 
Figure S11: From 2010 to 2021 in the Biodiversity Exploratory region Schorfheide-Chorin: (a) Histogram 

of the distribution of the number of occurrences of 𝑀(𝑖) (rose) and 𝑁𝐶𝑢𝑡𝑠 (yellow) (b) Trends over the 

years with the annual mean of 𝑀(𝑖) (blue line) and 𝑁𝐶𝑢𝑡𝑠 (red line). 

Mowing intensity 

For the total of 1564 plot years of meadows and mown pastures over 16 years in the Biodiversity 

Exploratories, most grasslands were cut once (796) or twice (592) in a given year, and only seven 

were cut four or five times. Altogether these meadows were mown 2516 times from 2006 to 2021. 

The annual mean of the 𝑁𝐶𝑢𝑡𝑠 was higher in the first few years, then considerably lower, and is 

now at the initial level. The drum mower was the most widely used mowing machine, contributing 

to 1500 cuts, and has been used more often in the last few years than in 2006. Adaptations to an 
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environmentally friendly mowing regime have taken place with the conditioner and with the cutting 

height: in 2021, fewer conditioners were used, and the cutting height was higher than in 2010. 

Overall, farmers mowed their meadows twice as frequently with a conditioner than without and 

the most frequent cut height was at 7 cm. The most frequent driving speed was around 10-

12 km h-1 and the annual mean became slightly faster when comparing 2010 to 2021. The most 

frequent first mowing day is between the 145th and 180th day of the year, i.e., between May 25 

and June 29. Mowing was over two weeks delayed from middle of June in 2006 compared to 

beginning of July in 2021. The overall mean mowing width was at 8 m, however, the mowers 

have become 80 cm wider in the last 12 years (Figure S5, Table 1). 

Considering the mowing components in dependence/usage of each other, the bar mower (18) 

and the disc mower (29) were oftentimes just used for the first and the second cut, mulchers 

(109) were used until the third cut, and drum mowers (1566) were used from cut one to cut five. 

As the resulting entry of the product of the cut grass, more than a thousand times hay and/or 

silage was produced after the mowing process. Hay was made only up to the third cut, but silage 

production dominated from the second cut on (Figure S12a). The mean cut height was highest 

with the mulcher (12 cm) and the bar mower (10 cm). For the disc and drum mower, the mean 

cut height was at 7 cm (Figure S12b). The first to third cut was on average at 7 cm height and 

6 m width, the fourth and fifth cut at 8 cm height and 8 m width. On average, the speed of the bar 

mower was the slowest at around 8 km h-1, followed by the mulcher at around 10 km h-1, and both 

the disc and the drum mower at around 12 km h-1. However, the driving speed of the drum mower 

ranged from 6-20 km h-1. The overall mean mowing width was the widest with the disc mower at 

approximately 8 m, followed by the drum mower at 6 m and the mulcher at 5 m. The smallest 

mean mowing width was at around 3 m for the bar mower. There was a slight tendency to drive 

faster with increased cutting width (r = 0.049, p = 0.0751). However, farmers drive significantly 

faster the lower the cut height (r = -0.235, ***p < 0.01)(Figure S12c). The mowing height was 

significantly lower with a conditioner than without a conditioner (r = -0.141, ***p < 0.01). The 

usage of a conditioner is linked to a wider cut width of the mowing machine (r = 0.356, ***p < 0.01, 

mean width with conditioner: 8 m and without: 5 m) and an increase in the driving speed of the 

mowing machine (r = 0.078, ***p < 0.01, mean speed with conditioner: 12 km h-1 and without: 

10 km h-1). 

From 2006 to 2021, most of the cuts were performed between the 160th and 180th day of the 

year, i.e., in June (Figure S5VIa). 
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Figure S12: (a) Which product of the cut grass (green fodder, hay or silage, or no product or left on meadow: 

mulch and just mown) is produced at the 𝑛𝑡ℎ𝐶𝑢𝑡 of the year (2006-2021) (b) Different mowing machines 

with their applied heights (cm) (2010-2021) (c) Correlation between mowing speed (km h-1) and cut height 

(cm) (2010-2021). 

Correlation Matrix and PCA with plants and arthropods 

To test whether there are correlations of the different mowing variables and the plant and 

arthropod species richness, from data from 2010 to 2017, a correlation matrix was carried out 

(Figure S13). The arthropod species richness correlates negatively with 𝐶𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑒𝑟 and 

𝐷𝑟𝑖𝑣𝑒𝑆𝑝𝑒𝑒𝑑𝑘𝑚ℎ, and positively with 𝐶𝑢𝑡𝐻𝑒𝑖𝑔ℎ𝑡𝑐𝑚 and 𝐷𝑎𝑡𝑒𝐶𝑢𝑡. The plant species richness 

correlates negatively with 𝐶𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑒𝑟,𝑁𝐶𝑢𝑡𝑠, 𝐶𝑢𝑡𝑊𝑖𝑑𝑡ℎ𝑚, and  𝐶𝑢𝑡𝐻𝑒𝑖𝑔ℎ𝑡𝑐𝑚, and positively with 

𝑌𝑒𝑎𝑟, and 𝐷𝑎𝑡𝑒𝐶𝑢𝑡. 

Further, also for the years 2010-2021, a Principal component analysis (PCA) of the mowing 

variables with the plant and arthropod species richness was carried out (Figure S14). The PCA 

was 10-dimensional, whereas the first dimension explained for 33% (stdev = 60.5%) of the 

proportion of variance, the second dimension 19.2% (stdev = 46.2%) and the third dimension 

15.6% (stdev = 41.6%). Showing the most importance of the principal component (cos2 of 

variables to dimension 1 and 2) for 𝑛𝑡ℎ𝐶𝑢𝑡, 𝐶𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑒𝑟 and 𝐷𝑎𝑡𝑒𝐶𝑢𝑡, and the least the 

𝑀𝑜𝑤𝑖𝑛𝑔𝑀𝑎𝑐ℎ𝑖𝑛𝑒.  
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Figure S13: Correlation Matrix of the variables 𝑁𝐶𝑢𝑡𝑠, 𝑀𝑜𝑤𝑖𝑛𝑔𝑀𝑎𝑐ℎ𝑖𝑛𝑒, 𝐶𝑢𝑡𝐻𝑒𝑖𝑔ℎ𝑡𝑐𝑚, 𝐶𝑢𝑡𝑊𝑖𝑑𝑡ℎ𝑚, 

𝐶𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑒𝑟, 𝐷𝑟𝑖𝑣𝑒𝑆𝑝𝑒𝑒𝑑𝑘𝑚ℎ, 𝑌𝑒𝑎𝑟, 𝑛𝑡ℎ𝐶𝑢𝑡 and 𝐷𝑎𝑡𝑒𝐶𝑢𝑡 with the plant and arthropod species richness. 

 

 

Figure S14: Principal component analysis of the variables 𝑁𝐶𝑢𝑡𝑠, 𝑀𝑜𝑤𝑖𝑛𝑔𝑀𝑎𝑐ℎ𝑖𝑛𝑒, 𝐶𝑢𝑡𝐻𝑒𝑖𝑔ℎ𝑡𝑐𝑚, 

𝐶𝑢𝑡𝑊𝑖𝑑𝑡ℎ𝑚, 𝐶𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑒𝑟, 𝐷𝑟𝑖𝑣𝑒𝑆𝑝𝑒𝑒𝑑𝑘𝑚ℎ, 𝑌𝑒𝑎𝑟, 𝑛𝑡ℎ𝐶𝑢𝑡 and 𝐷𝑎𝑡𝑒𝐶𝑢𝑡 with the plant and arthropod species 

richness, showing the first and the second dimension with the cos2 (quality of representation). 
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ABSTRACT 

Background: Intensified land-use in grasslands reduces biodiversity, particularly affecting 

arthropod populations. However, responses of individual species vary depending on their 

ecological traits and habitat requirements. Some species may tolerate or even benefit from 

intensive land-use, while others, particularly specialists or those with narrow niches, are likely to 

be negatively affected. 

Methods: We used a quantitative niche model to evaluate species-specific responses to land-

use intensity in four arthropod orders common in grasslands: Araneae, Coleoptera, Hemiptera, 

and Orthoptera. From 2008 to 2018, a total of 214,416 individuals across 1352 species were 

collected on 150 grassland plots across three regions of Germany. The effects of mowing, 

fertilizing, and grazing on species occurrence and abundance were evaluated with their niche 

optima to identify winners, losers, and neutrals. 

Results: Mowing showed the fewest winners (10.6%) and fertilizing the most losers (37.4%), 

both being the most detrimental land-use components. Nevertheless, most species showed 

neutral responses (63.5%). The niche optimum of grazing favored smaller species, whereas 

mowing and fertilizing favored larger species. Herbivores were particularly sensitive to 

fertilizing. Comparison with the Red List revealed that species under mowing exhibited lower 

niche optima with higher-risk categories, which also was reflected with declining population 

trends. 

Conclusion: This study highlights the high variation in species-specific responses of 

arthropods to the different components of land-use, showing overall twice as many loser 

species as winner species. This emphasizes the need for conservation strategies tailored to 

vulnerable species. Balancing land-use strategies with biodiversity conservation in land-use 

policies is essential to preserve arthropod diversity and enhance ecosystem resilience in 

grasslands. 

Keywords: Biodiversity Exploratories, niche model, grazing, mowing, fertilizing, Red List, body 

size, feeding guilds 

INTRODUCTION 

In recent years, the alarming decline of populations of grassland species has become 

increasingly evident. Intensification of grassland management practices have shown to be 

associated with significant losses in plant species (Jandt et al., 2022). For arthropods, reductions 

in biomass, species richness, and individual numbers have been reported (Hallmann et al., 2017; 

Seibold et al., 2019). Despite declines, semi-natural grasslands remain among the most valuable 

and diverse habitats, serving as biodiversity hotspots that deliver critical ecosystem services 

alongside production of livestock, including water supply, carbon storage, erosion control, climate 
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mitigation, and pollination (Bengtsson et al., 2019; Shipley et al., 2024). Traditionally, grasslands 

were grazed by different livestock, or mown to produce hay, but the increase in land-use intensity 

can disrupt the delicate balance of species interactions and environmental conditions, 

undermining their biodiversity and functionality (Blüthgen et al., 2016; Habel et al., 2013).  

In semi-natural grasslands, regular mowing or grazing is essential to prevent the succession of 

woody vegetation and maintain diverse plant, and therefore diverse animal communities (Grime, 

2006). However, substantial changes in grassland management over recent decades, driven by 

shifts in both plant and animal husbandry, have led to the loss of valuable habitats and a dramatic 

decline in insect populations (Sánchez-Bayo & Wyckhuys, 2019). Extensive grazing has played 

a vital role in biodiversity conservation initiatives, such as High Nature Value Farmland programs, 

which aim to preserve open landscapes and their associated species (Metera et al., 2010). Yet, 

in many areas, grazing has shifted to higher intensities, with most pastures now heavily grazed 

(Dallimer et al., 2009). This intensification negatively impacts grassland ecosystems by reducing 

habitat heterogeneity and threatening insect populations (Kruess & Tscharntke, 2002). 

Simultaneously, changes in mowing practices have transformed grassland use. While mowing 

can support a rich fauna by maintaining open habitats, it poses direct and indirect threats to 

arthropods, including physical harm and habitat disruption (Berger et al., 2024). Moreover, the 

shift from traditional hay production to silage, driven by the increasing demand for meat and dairy 

products, has further prioritized fodder production over ecological balance, although their 

significant ecological importance (O’Mara, 2012). This exacerbates further pressures on insect 

biodiversity. Improved efficiency, also driven by advancements in machinery, has led to a 

substantial increase in yield, primarily due to enhanced fertilization practices (Zhang et al., 2017). 

The increase in the number of harvests is associated with the need to increase the delivery of 

nutrients, foremost nitrogen, in the form of liquid manure or mineral fertilizers, favoring nutrient-

demanding species (Socher et al., 2013). This shift significantly affects the soil, altering plant 

composition, with only a few species dominating compared to nutrient-poor areas, leading to a 

decline in plant diversity (Francksen et al., 2022). This shift in plant community composition 

impacts arthropod communities (Haddad et al., 2009; Tobisch et al., 2023), particularly 

herbivorous insects (Welti et al., 2017), leading to a multitrophic homogenization of grassland 

communities (Gossner et al., 2016). Consequently, the loss of food resources and reproduction 

sites for arthropods has become a serious concern, jeopardizing the survival of specific species 

(Scherber et al., 2010; Tobisch et al., 2023).  

The management of grassland directly influences the availability and structure of ecological 

niches for grassland species (Tscharntke & Greiler, 1995). Yet, the responses of individual 

species to land-use components vary, shaped by their niche requirements and ecological traits 

(Simons et al., 2016). Intensified land use may promote a few species that thrive under the altered 

conditions (winners), while others struggle to persist (losers). Understanding these mechanistic 
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relationships between land-use components and niche dynamics is critical for explaining species-

specific responses. A quantitative niche model offers a valuable tool for analyzing these 

relationships, enabling predictions about species distributions under changing land-use 

practices. By analyzing the current distribution of individuals across differently managed 

grasslands, the model identifies variations in species' 'land-use niches' and determines which 

management components most strongly drive niche shifts (Chisté et al., 2016). Previous 

research, using such models for Orthoptera and Cicadinae, has shown that only a subset of 

species occurred in grasslands with intensified management (Chisté et al., 2016, 2018). 

With this study, our aim is to evaluate how varying land-use components shape the composition 

of arthropod species in grasslands. Specifically, we looked at whether species from four 

arthropod orders - Araneae, Coleoptera, Hemiptera, and Orthoptera - were losers, neutrals, or 

winners of land use intensification. By analyzing species' niche optima and their responses to 

land-use intensities, this research provides indications of the factors influencing biodiversity loss 

or persistence in grassland ecosystems. Moving beyond descriptive observations, the 

quantitative niche model bridges species responses to measurable environmental changes, 

offering a robust and predictive framework to understand the impacts of land-use on grassland 

arthropods. We relied upon indices related to grazing, fertilizing, and mowing to quantify land-

use intensity (Blüthgen et al., 2012; Hartlieb et al., 2024). We hypothesize that grassland 

arthropod species with narrower ecological niches in regard to land-use and lower abundance 

are more vulnerable to changes in land-use, and that these effects vary depending on the specific 

traits of the species involved. By analyzing the relationship between land-use intensity and a 

number of organismic traits, we seek to identify characteristics, like body size or feeding guilds, 

which make certain species more susceptible to environmental disturbances. Further, by 

incorporating Red List categories and population trends, we want to assess the long- and short-

term vulnerabilities of species under varying land-use intensities. Based on these results, 

recommendations on how to better protect and manage grassland ecosystems can be derived. 

MATERIAL AND METHODS  

Study sites 

The Biodiversity Exploratories, initiated in 2006, are a research platform for investigating the links 

between land-use and biodiversity in forest and grassland habitats across three distinct regions 

in Germany: the Schwäbische Alb (Baden-Württemberg in the southwest), the Hainich 

(Thüringen in the central region), and the Schorfheide-Chorin (Brandenburg in the northeast). 

These regions are characterized by different environmental factors, such as climate, geology, 

soil type and topography. 

Our study focused on 150 grassland plots (50 per region), each measuring 50 m × 50 m, spanning 

the entire region-specific spectrum of land-use components from highly intensive to scarcely 
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managed areas. They are integrated into larger management units in which management is 

uniform. The plots comprised around 35% meadows, 35% pastures, 27% mown pastures 

(subject to both mowing and grazing in the same year), and 3% fallow land. Around two-thirds of 

the meadows and mown pastures, but only 15% of the pastures received fertilizing (Vogt et al., 

2019). Pesticides were not used on any of the plots, except for herbicide application on five plots 

for one year only (Seibold et al., 2019). For a more detailed description of the sites, including 

comprehensive information on management and the project itself, see Fischer et al. (2010).  

Arthropod data 

From 2008 to 2018, arthropods were sampled annually on the 150 grassland plots. Sampling 

took place twice a year, in June and August. Herb layer arthropods were sampled by sweep 

netting along a 150 m transect along three plot borders, with 60 double sweeps per plot (Simons 

et al., 2014). Sweep netting was only conducted on days without rain, with low wind speed and 

after the morning dew had dried. All adult specimens of the orders Araneae, Coleoptera, 

Orthoptera and Hemiptera (only Heteroptera and Auchenorrhyncha) were sorted and identified 

to species level (Neff et al., 2019; Seibold et al., 2019). 

Land-use intensity 

The data on land-use components are based on the responses of the respective farmers, 

landowners, or tenants to a standardized questionnaire on relevant management information on 

the type and intensity of annual land use and agricultural practices. These surveys were carried 

out on an annual basis. The survey data from Vogt et al. (2019) were used to calculate individual 

land-use intensity values for mowing, fertilizing and grazing, from 2008 to 2018 (SI Fig. S1). We 

used the unstandardized raw data per year and plot for the indices of grazing and fertilizing 

intensity according to Blüthgen et al. (2012). Grazing (LSU d/ha) is derived by multiplying the 

livestock units with the duration of grazing per hectare, accounting for cattle, sheep, horses, and 

goats, ranging from 2 to 2500 animals for 1 to 365 days per year. Fertilizing (kgN/ha) is quantified 

in kilograms of nitrogen per hectare, encompassing organic or inorganic sources such as manure, 

slurry, biogas, mash, and nitrogen, applied from 1 to 7 times, ranging between 6 and 360 kg/ha 

per year. For mowing intensity, we used the mowing compound intensity index M(i) (cuts ± 

impact of mowing regime i.e., mowing machine, mowing height and use of conditioner per year) 

from Hartlieb et al. (2024). If there were missing values for one variable of the mowing index, the 

neutral benchmark (a chosen mean value of each component, representing a midpoint between 

favorable or unfavorable mowing practices affecting the biodiversity of meadow-dwelling species) 

was used instead (Hartlieb et al., 2024).  
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Calculation of land use niches  

For analysis, we only used adult specimens, and arthropods that were determined to species 

level. In total, we analyzed 214,416 individuals from 1352 species out of four arthropod orders, 

namely Araneae (176 species, 7078 individuals), Coleoptera (762 species, 42,248 individuals), 

Hemiptera (384 species, 161,171 individuals) and Orthoptera (30 species, 3919 individuals) 

found on 150 plots between 2008 and 2018.  

To define the ecological niche of the species, a quantitative niche model on the basis of the 

publication of Chisté et al. (2016) was implemented. This niche model described species-specific 

responses to environmental gradients, which was coupled with a randomization procedure and 

was able to detect trends even for rare species. For this approach, we integrated all found species 

(minimum number of occurrences = 1) (for a detailed description and an example analysis, see 

SI Method section S1). We calculated the responses of each arthropod species to the land-use 

components intensities for fertilizing (kgN/ha), grazing (LSU d/ha), and mowing (cuts ± impact of 

mowing regime) (Blüthgen et al., 2012; Hartlieb et al., 2024). Components were averaged across 

the years 2008–2018, and the sampled arthropods were summed up per plot. The abundance-

weighted means (AWM) were defined as the weighted mean gradient values (land-use niche 

optimum), weighted by the proportion of individuals of a species in each plot.  

For statistical analysis of the AWM, we employed a randomization method based on a null model. 

This model assumes that each species had an equal likelihood of occurring at any site from the 

regions where the species occurred. The null model assigned mowing, grazing, or fertilizing 

intensity to each species from random sites, drawing from the same total number (but not identity) 

of sites on which the species was found. This calculation was restricted to the specific region 

(Schwäbisch Alb, Hainich, Schorfheide) where the respective species was recorded, i.e., when 

the species only occurred in the Schorfheide, the null model only uses plot values from the 50 

Schorfheide plots. We used 10,000 iterations to produce a distribution of expected 𝐴𝑊𝑀𝑛𝑢𝑙𝑙 

values. We then calculated the p-values by comparing the observed data to the null distribution 

generated through randomizations. Species with observed AWM lower than 95% of the 𝐴𝑊𝑀𝑛𝑢𝑙𝑙 

values (p < 0.05) were treated as “loser”, while those with AWM higher than 95% of the 𝐴𝑊𝑀𝑛𝑢𝑙𝑙 

values (p < 0.05) were identified as “winner”. Species that did not fit into either category were 

classified as “neutral” (SI Table S1).  

To distinguish genuine neutral responses from responses driven by rarity, which results in 

neutrals, a further simulation analysis was conducted. To define the lowest number of plots in 

which a species could be a significant “loser” or “winner”, random distributions of species 

occurrences were generated based on a log-normal distribution, which is a realistic pattern of 

species occurrence. For each gradient, a niche optimum (the abundance-weighted mean of the 

gradient values across the plots) and niche breadth (the abundance-weighted standard deviation) 

were calculated for the simulated species i occurring in 1, 2, 3, … 150 plots. For each step in the 
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simulation (number of plots), 1000 randomizations were conducted for each of 10 simulations 

with newly generated log-normal distributions, generating distributions of expected niche optima 

and niche breadths under the null hypothesis. The analysis identified thresholds for the minimum 

number of occurrences needed to accurately determine responses to different land-use 

components. These thresholds varied depending on the specific land-use components, which 

indicate variation in occurrence thresholds across components, reflecting differences in the 

gradients' effects on niche optima and breadth. To detect losers, for fertilizing, at least five 

occurrences were needed (excluding 739 species that occurred in < 5 plots out of the 1352 

species), while for mowing (422 species excluded) and grazing (416 species excluded), two 

occurrences were sufficient (SI Fig. S2). To detect winners, no thresholds were necessary (SI 

Fig. S2), we maintained them in the counts of species here (but note that they are thus 

proportionally overrepresented compared to losers) (SI Fig. S3). For an unbiased comparison, 

we applied the same threshold of number of occurrences of fertilizing (excluding 739 species that 

occurred in < 5 plots) to all components for the distribution of losers, neutrals, and winners (SI 

Fig. S4).  

Analysing the role of species traits 

To understand species’ ecological roles and predicting their responses to land-use intensification, 

we combined a trait-based approach with our sampled arthropod species. Therefore, we used a 

comprehensive trait dataset, assembled from various literature sources and validated in 

correspondence with taxonomic experts for the respective groups (Gossner et al., 2015). We 

compiled the mean body size (mm) and feeding guild, stratum use and dispersal ability for all 

collected species of Araneae, Coleoptera, Hemiptera, and Orthoptera. Feeding guild is 

categorised into carnivore, herbivore, omnivore, and myceto-detritivore (which is the combination 

of mycetophagous, detrivore, and fungivore), each referring to the main food source during larval 

and adult stages of a species. Omnivores are defined as species using more than one feeding 

source (plants, animals, fungi, decaying plants or animals) to similar extent across larval and 

adult stages. All Araneae are carnivores and all sampled Auchenorrhyncha herbivores. For the 

calculations of the traits, the mean body size was log-transformed. 

Effect of conservation status 

The inclusion of Red List data offers valuable insights into how land-use components impact 

species of varying conservation status. German Red List data were downloaded from the Rote 

Liste Zentrum website (https://www.rote-liste-zentrum.de/de/Download-Wirbellose-Tiere-

1875.html, last accessed on 01/2025) (SI Table S2). For our analysis, we used Red List 

categories (LC = Least concern, NT = Near threatened, R = Rare, G = Threatened to an unknown 

extent, VU = Vulnerable, EN = Endangered, CR = Critically endangered, EX = Extinct in 

Germany) and the short-term and long-term populations trends (converted in decrease, stable, 

https://www.rote-liste-zentrum.de/de/Download-Wirbellose-Tiere-1875.html
https://www.rote-liste-zentrum.de/de/Download-Wirbellose-Tiere-1875.html
https://www.rote-liste-zentrum.de/de/Download-Wirbellose-Tiere-1875.html
https://www.rote-liste-zentrum.de/de/Download-Wirbellose-Tiere-1875.html
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increase). Species with deficient data or which were not evaluated by the Red List were excluded 

from analysis, as were the categories Rare and Extinct in Germany, as they each had just one 

data point. Non-native species are not evaluated in the German Red List and hence excluded. 

Statistical analysis 

For all calculations comparing the niche optimum, the grazing and fertilizing AWM were square-

root transformed. To investigate differences in the orders and in the feeding guilds, we performed 

the conservative Kruskal-Wallis rank sum test (H(2)), since partly the homogeneity of variance 

was violated and residuals were not normally distributed. We used the Dunn’s test as a post-hoc 

test, and to avoid type I errors we applied the Bonferroni-Holm correction. For calculations with 

percentage difference, the means were used. To test for relationships between the AWM of 

fertilizing, grazing and mowing, and the three AWM (response variable) with the mean body size 

(mm), as well as Red List statuses (categories, short and long-term population trends) 

(explanatory variables), we employed Generalized Linear Mixed Model (GLMM) using the 

glmmTMB package (Brooks et al., 2017). A zero-inflated Gaussian model was used, with a single 

zero-inflation parameter applied uniformly across all observations. A random intercept was 

included for the taxonomic order of the species to account for potential non-independence of 

observations within these groups. Phylogeny of the species could not be included, since data 

was not available. 

All our analyses were performed using R Statistical Software version 2023.12.1 (R Core Team, 

2022).  

RESULTS 

Winners and losers of land-use intensification 

Individual species showed a wide range of responses (Table 1). After conducting the simulation 

and excluding neutral species too rare to be represented in the niche model (SI Fig. S2), 12.5% 

of the species were classified as winners and 24% as losers across all the three land-use 

components. The majority, of 63.5%, did not show significant preferences and were thus 

classified as neutral. Among the orders, Hemiptera and Orthoptera showed the highest proportion 

of losers, 32.9% and 30.7%, respectively. Orthoptera also showed the highest proportion of 

winners (22.6%). Nine species were identified as overall losers across all three land-use 

components (mowing, grazing, and fertilizing) (Araneae: Araneus quadratus; Hemiptera: 

Acanthodelphax spinosus, Arthaldeus pascuellus, Elymana sulphurella, Leptopterna ferrugata, 

Megophthalmus scanicus, Plagiognathus chrysanthemi, Psammotettix cephalotes, 

Psammotettix helvolus). Conversely, two species (Araneae: Erigone dentipalpis; Coleoptera: 

Ischnopterapion virens) emerged as overall winners. Among the land-use components, fertilizing 

and grazing accounted for the highest proportion of winners (13.9% and 13.6% respectively), and 
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mowing for the fewest winners (10.6%). In contrast, grazing accounted for the fewest proportion 

of losers (14.2%), whereas fertilization accounted for most losers (37.4%) (Table 1, SI Table S1, 

SI Fig. S3 & S5). When applying the threshold of number of occurrences of fertilizing (excluding 

739 species that occurred in < 5 plots) also for mowing and grazing, the proportion of losers 

(29.6%), neutrals (56.3%) and winners (14%) were slightly different, but overall the results did 

not change (Fig. S4). 

Table 1: Species numbers of losers, neutrals, and winners of the four arthropod orders (Araneae, 

Coleoptera, Hemiptera, and Orthoptera) for the applied management intensity of fertilizing (kgN/ha), 

grazing (LSU d/ha), and mowing (cuts ± impact of mowing regime), analyzed by a niche-model for the 

years 2008-2018. Shown is the subset of the 1352 species after the simulation excluding for fertilizing 739 

species (number of occurrences in < 5 plots), for mowing 422 species and grazing 416 species (both 

number of occurrences in < 2 plots). 

Order Fate Fertilizing Grazing Mowing 

Araneae  

(176 species) 

Loser 23 11 34 

Neutral 51 108 87 

Winner 14 11 12 

Coleoptera  

(762 species) 

Loser 97 72 89 

Neutral 162 374 354 

Winner 45 58 56 

Hemiptera  

(384 species) 

Loser 103 44 103 

Neutral 79 182 147 

Winner 21 54 26 

Orthoptera  

(30 species) 

Loser 6 6 7 

Neutral 7 12 10 

Winner 5 4 5 
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Land-use niche 

The analysis revealed positive and negative relationships between the niche optimum 

(abundance-weighted means, AWM) of the 1352 species across different land-use components 

(Fig. 1). There was a negative correlation between the AWM for fertilizing intensity and grazing 

intensity (z = −5.27; p < 0.001). This shows that species in high fertilizing levels tend to occur 

less frequently in areas with intensive grazing and vice versa. A comparison of the AWM of 

grazing with the AWM of mowing revealed an even more pronounced negative relationship (z = 

-23.55.41; p < 0.001). In contrast, the relationship between the AWM of fertilizing and the AWM 

of mowing intensity was positive (z = 35.37; p < 0.001). Thus, approximately the same species 

can be found in plots with low and high intensity levels of fertilizing and mowing. However, the 

AWM of the land-use components differed among orders, with impacts observed for fertilizing 

(H(2) = 9.66; p = 0.022) and mowing (H(2) = 24.28; p < 0.001), but not for grazing (H(2) = 1.7; p 

= 0.64) (SI Fig. S6). For fertilizing, Hemiptera had significantly lower AWM in comparison to 

Araneae (z = -3.03; p = 0.002) and for mowing, Hemiptera had significantly lower AWM in 

comparison to Coleoptera (z = -4.77; p < 0.001). 
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Figure 1: Correlation between the observed niche optima (abundance-weighted means, AWM) for the land 

use components fertilizing (kgN/ha), grazing (LSU d/ha), and mowing (cuts ± impact of mowing regime) of 

1352 species of the orders Araneae (circle), Coleoptera (triangle), Hemiptera (square), Orthoptera (plus). 

The dashed lines represent the mean land use intensity across plots (132 LSU d/ha for grazing, 28.7 

kgN/ha for fertilizing and 1.40 cuts ± impact of mowing regime for mowing). Color depicts the matching 

fates of the compared AWMs: winner-winner = green, winner-neutral = blue, neutral-neutral = grey, neutral-

loser = orange, loser-loser = red, winner-loser = black. In each quadrant, the total number of species (n) is 

provided. Fertilizing and grazing AWM are square-root transformed. 

Trait analysis 

Mean body size (mm) of the species was negatively correlated with grazing AWM (z = -2.47, p = 

0.014), meaning smaller species had their land use niche at higher grazing intensities (Fig. 2). 

For mowing (z = 3.25, p = 0.001) and fertilizing (z = 2.1, p = 0.035), we found a positive 

correlation, meaning larger species had their land use niche at higher land use intensities.  

 

Figure 2: Mean body size (mm) with the abundance-weighted mean (niche optimum) of fertilizing (kgN/ha), 

grazing (LSU d/ha), and mowing (cuts ± impact of mowing regime) for 1352 species of the orders Araneae 

(circle), Coleoptera (triangle), Hemiptera (square), Orthoptera (plus), showing losers (red), neutrals (black), 

and winners (green). Fertilizing and grazing AWM are square-root transformed, mean body size (mm) is 

log-transformed. Lines are model predictions with 95% confidence intervals; solid if the trend was 

significant. 
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Feeding guilds, grouped in carnivore, herbivore, myceto-detrivore, and omnivore, were compared 

with the abundance-weighted means of the species and the land-use components (Fig. 3). For 

fertilizing, significant differences could be found (H(2) =14.75, p = 0.002). Herbivorous species 

had significantly lower AWM in comparison to carnivorous species (z = -3.34, p = 0.005). For 

grazing (H(2) = 0.582, p = 0.9) and mowing (H(2) = 5.423, p = 0.14), no statistically clear 

differences between feeding guilds were observed. 

 

Figure 3: Feeding guilds with the abundance-weighted mean (niche optimum) of fertilizing (kgN/ha), 

grazing (LSU d/ha), and mowing (cuts ± impact of mowing regime) for 1352 species of the orders Araneae 

(circle), Coleoptera (triangle), Hemiptera (square), Orthoptera (plus), showing losers (red), neutrals (black), 

and winners (green). Fertilizing and grazing AWM are square-root transformed. 
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Conservation status 

The effects of land-use intensity were particularly negative for arthropod species with higher-risk 

categories in the Red List (ranging from Least concern to Critically endangered) under mowing 

(z = -4.85; p < 0.001). For grazing (z = -1.35; p = 0.18) and fertilization (z = -1.59; p = 0.11) no 

clear effects could be found (Fig. 4).  

 

Figure 4: Conservations status (Red List categories) with the abundance-weighted mean (niche optimum) 

of fertilizing (kgN/ha), grazing (LSU d/ha), and mowing (cuts ± impact of mowing regime) for 1352 species 

of the orders Araneae (circle), Coleoptera (triangle), Hemiptera (square), Orthoptera (plus), showing losers 

(red), neutrals (black), and winners (green). Red list categories: LC = Least concern, NT = Near threatened, 

G = Threatened to an unknown extent, VU = Vulnerable, EN = Endangered, CR = Critically endangered. 

Fertilizing and grazing AWM are square-root transformed. Lines are model predictions with 95% 

confidence intervals; solid if the trend was significant. 
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In addition, the Red List-based short- and long-term population trends (classified as decreasing, 

stable, or increasing) were compared with species' AWM of the land-use components (Fig. 5). 

Species with declining populations were predominantly associated with less intensively managed 

grasslands, characterized by lower mowing intensity for both short-term (z = 3.98, p < 0.001) and 

long-term population trends (z = 4.5, p < 0.001). For fertilizing, we found the same significant 

effect just for long-term population trends (z = 3.38, p < 0.001), but not for short-term population 

trends (z = 0.811, p = 0.42). No clear effects were found for grazing (short-term: z = 0.91, p = 

0.363; long-term: z = 1.14, p = 0.25). 

 

Figure 5: Short-term and long-term population trends (Red List) with the abundance-weighted mean (niche 

optimum) of fertilizing (kgN/ha), grazing (LSU d/ha), and mowing (cuts ± impact of mowing regime) for 

1352 species of the orders Araneae (circle), Coleoptera (triangle), Hemiptera (square), Orthoptera (plus), 

showing losers (red), neutrals (black), and winners (green). Fertilizing and grazing AWM are square-root 

transformed. Lines are model predictions with 95% confidence intervals; solid if the trend was significant. 
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DISCUSSION 

To evaluate species-specific responses of Araneae, Coleoptera, Hemiptera, and Orthoptera to 

land-use intensity, we used a niche model (Chisté et al., 2016), to predict abundance-weighted 

means (niche optima) and classify species as winners or losers based on their responses to 

fertilization, grazing, and mowing (Blüthgen et al., 2012; Hartlieb et al., 2024). These land-use 

components alter plant composition through nutrient input from fertilization and biomass removal 

via grazing and mowing, which can reduce habitat diversity. These differences shape species-

specific responses to land-use intensity of grassland communities, especially arthropods 

(Gossner et al., 2016). This can favor species that adapt to or benefit from intensified land use, 

such as generalists with flexible ecological requirements (winners). In contrast, there are also 

species with narrow niches, often specialists, whose requirements are no longer met under 

intensified practices (losers). Note that our study employed a space-for-time approach (Blüthgen 

et al., 2022). This approach assumes that a species' absence in a grassland is not due to 

dispersal limitations but rather reflects its inability to persist in that environment, leading to local 

extinction upon colonization. The method is inherently conservative, as species that occasionally 

colonize unsuitable grasslands and are sampled in low numbers will only be identified as 

significant winners or losers if their occurrences in their adapted habitats are substantially higher 

(Chisté et al., 2016). 

This study revealed that losers outnumber winners roughly 2:1 across all land-use components. 

This imbalance underscores the disproportionate negative effects of intensive land use, 

contributing to insect declines (Wagner, 2020). Nevertheless, most species were classified as 

neutrals, suggesting either responding context-dependent shaped by specific management 

practices, having broader niches, or having adaptive traits buffering them against moderate land-

use changes, as seen in moths (Mangels et al., 2017) and also in land snails (Wehner et al., 

2021). We see that the response to intensification can further be mediated by species traits 

(Gossner et al., 2015). In our case, we found for grazing smaller, and for fertilizing and mowing 

larger species at higher niche optima, and herbivores in comparison to carnivores being 

particularly affected by fertilizing. A comparison with the Red List indicated that arthropod 

responses to lower niche optima under mowing were linked to higher-risk Red List categories, 

but conversely increasing population trends. These results emphasise the need for targeted 

conservation efforts and stress the importance of implementing land-use strategies that promote 

habitat heterogeneity and support at-risk arthropod species to curb biodiversity loss. 

Winners and losers of land-use intensification 

Mowing and fertilization emerged as the most harmful components for the investigated arthropod 

species. Fertilization accounted for the highest proportion of losers. This could be due to the fact 

that fertilizing, i.e. nutrient enrichment, increases plant cover, while reducing light in the 
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understory, which further leads to a loss of plant species (Eskelinen et al., 2022). Lower plant 

diversity has significant implications for arthropods, as this translates into fewer resources for 

herbivores, which in turn cascades upward to affect carnivores (Schmitz et al., 2000; Simons et 

al., 2014), which we can also see in our results for the feeding guilds. Mowing resulted in the 

fewest proportion of winners. It directly modifies the physical structure of the habitat, impacting 

species sensitive to changes in vegetation height and density (Prather & Kaspari, 2019). With 

mowing and the mechanical removal of flowering plant parts, flower visitors and pollinators, 

including those feeding on reproductive organs, are also negatively affected (Ebeling et al., 

2018). Grazing resulted in the highest proportion of winners and fewest losers, suggesting that it 

may create more heterogeneous environments that support a broader range of coexisting 

species (Palmer, 1992). Grazing plays a major role in controlling plant diversity by alleviating 

competition for light, often surpassing the effects of fertilization (Eskelinen et al., 2022). However, 

insect diversity is peaking under long-term ungrazed conditions, provided grazing remains 

extensive, as intensive grazing leads to a greater decline in arthropod diversity (Kruess & 

Tscharntke, 2002).  

We found a high proportion of losers among Hemiptera and Orthoptera indicating that these taxa 

are particularly vulnerable to land-use changes, likely due to their specific ecological 

requirements (Chisté et al., 2016, 2018; Nickel & Hildebrandt, 2003). This is also reflected in their 

Red List status (see for more details below). However, Orthoptera also exhibited the highest 

proportion of winners, which may reflect a more diverse range of responses within this group, 

with some species benefiting from the altered conditions (Chisté et al., 2016). Therefore, we 

compared the results of Chisté et al. (2016, 2018) with our results, which revealed significant 

positive correlations in species responses to fertilizing, grazing, and mowing for Orthoptera, and 

fertilizing and mowing for plant and leafhoppers. This highlights the consistency in the trends in 

species responses, underscoring the importance of monitoring. However, there were also some 

species newly recorded and others undetected, indicating potential local extinctions or 

methodological effects, as partly different sampling methods might influence species detections 

(for more details see the SI with the comparison).  

Land-use niche 

The positive and negative correlations of the intensity of fertilizing, grazing and mowing (Hartlieb 

et al., 2024; Vogt et al., 2019) were reflected in the results of the AWM of the species. The 

negative correlation between grazing and fertilizing AWM, as well as grazing and mowing AWM 

indicates that these practices exert opposing pressures on species. Those benefiting from high 

fertilizing and mowing are disadvantaged by intensive grazing and vice versa. This may be due 

to the contrasting effects on vegetation structure and nutrient availability (Socher et al., 2013). 

Fertilizing typically enhances plant productivity and biomass, while decreasing plant species 



Chapter 3 – Losers and winners: Responses of grassland arthropods to land use components 

101 
 

diversity (Shi et al., 2024). Grazing tends to reduce plant height and density, while promoting 

heterogeneity by creating patches of varied vegetation structure (Tahmasebi Kohyani et al., 

2011). Mowing tends to homogenize the landscape by cutting vegetation uniformly. All 

components are favoring the abundance of different species and the differing ecological niches 

that species occupy in response to these land-use practices (Berger et al., 2024; Simons et al., 

2017). The positive correlation between species of the fertilizing and mowing components 

suggests these practices create similar conditions that lead to an increase in certain fast-growing 

plant species, which creates favorable conditions for the same arthropod species (Simons et al., 

2014).  

Trait analysis 

We further showed that species responses were mediated by their organismic traits by looking 

at body size and feeding guilds. Regarding body size, grazing appears to act as a selective 

pressure favoring smaller species. This pattern indicates that grazing acts as disturbance, which 

reduces vegetation density and increase habitat heterogeneity with specialized plants (Kapás et 

al., 2024). The remaining patches of taller vegetation are important microhabitats for arthropods, 

and smaller species, mostly for Hemiptera, which are mainly herbivores and have larger 

population sizes with shorter developmental times (Biedermann, 2002; Denno & Roderick, 1991). 

In comparison to larger carnivore species, such as Orthoptera and Araneae, herbivores exhibit a 

greater degree of dependence on vegetation (Welti et al., 2017). In our study, fertilizing and 

mowing act as a selective pressure favoring larger species. After the disturbances with the 

machines, larger species, for example Orthopterans, might be able to relocate more easily than 

smaller species, as they are also better in recolonising the area (Chisté et al., 2016). 

Regarding feeding guilds, the clear negative response of herbivorous compared to carnivorous 

insects to fertilizing underscores the strong influence of nutrient enrichment on species that 

depend on diverse plants species (Neff et al., 2019). A high herbivore diversity is associated with 

a high plant diversity that provides diverse resources with more niches, in particular for 

specialized species (Simons et al., 2014). Fertilization reduces resource heterogeneity and 

consequently leads to a decrease in herbivores. Carnivores, which depend more on prey 

abundance, may be more affected by the cascading effects of land-use on herbivore populations 

than by direct effects on vegetation (Schmitz et al., 2000).  

Conservation status 

A comparison with Red List categories revealed that species sensitive to mowing had lower 

niche optima and were associated with higher-risk categories. This suggests that species 

sensitive to mowing are experiencing substantial threats. This aligns with findings that plants 

and invertebrates face higher extinction risks under intensive agricultural practices (Hochkirch 

et al., 2023) and these species, mostly specialists, may be experiencing ongoing population 
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declines (Simons et al., 2015). These results seemed to be in contrast with our results from 

short- and long-term population trends, where mowing had the strongest positive impact on 

both short- and long-term population trends, while fertilizing only showed positive impact on 

long-term population trends. In both cases, species with increasing populations had higher 

niche optima, meaning that those species were in general more resilient to altered habitat 

conditions with higher intensities of mowing and fertilizing, due to nutrient enrichment and 

biomass removal. They likely represent more generalist or adaptable species, as seen in moths 

(Mangels et al., 2017) and also in land snails (Wehner et al., 2021). This resilience could be 

due to broader ecological niches or adaptive traits that allow them to thrive in more managed 

landscapes (Clavel et al., 2011). This means that stability does not always equate to resilience, 

and some species may be at the threshold of extinction while others thrive (Holling, 1973). 

However, the absence of any effects for grazing could reflect the variability in grazing regimes, 

allowing more species to persist without population shifts (Kruess & Tscharntke, 2002).  

CONCLUSION 

Our findings provide valuable insights into the stability and vulnerability of arthropod species 

under anthropogenic pressures in grassland ecosystems caused by fertilizing, grazing, and 

mowing. Using a niche model, we identified nearly twice as many losers as winners, with the 

majority of species classified as neutral. This highlights the disproportionate negative effects of 

intensive land use, though neutral species may possess adaptive traits or broader ecological 

niches that buffer them against the adverse impacts of moderate land-use changes. Mowing and 

fertilizing proved particularly detrimental to arthropods, whereas grazing often had more 

beneficial effects. By linking niche modeling with Red List statuses, our study integrates 

ecological and conservation perspectives. This underscores the urgent need for targeted 

conservation measures that prioritize loser-species with narrower ecological tolerances, many of 

them which are at high risk. For instance, adopting low-input fertilization practices, implementing 

rotational grazing, and reducing the frequency and intensity of mowing, while leaving unmown 

refuges for arthropods, could help prevent further declines. By adopting management practices 

that maintain habitat heterogeneity and support species with narrow niches, it is possible to 

mitigate the loss of arthropod diversity while promoting ecosystem resilience in grasslands. 

Integrating biodiversity conservation into agricultural policies offers a pathway to balance 

productivity with the preservation of ecosystem health. 
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SUPPORTING INFORMATION 

SI Methods: 

Table S1 with results of niche model: 

https://www.bexis.uni-jena.de/ddm/data/Showdata/32057 

Data for Red List species: 

Table S2: German Red List data downloaded from the Rote Liste Zentrum website (https://www.rote-liste-

zentrum.de/de/Download-Wirbellose-Tiere-1875.html, last accessed on 01/2025) and merged with our 

investigated species 

Taxa Species number Reference 

Arachnida 176 (Blick et al., 2016) 

Auchenorrhyncha 166 (Nickel et al., 2016) 

Carabidae 26 (Schmidt et al., 2016) 

Cerambycidae 11 (Bense et al., 2021) 

Chrysomelidae 128 (Fritzlar et al., 2021) 

Coleoptera aquatica 3 (Spitzenberg et al., 2016) 

“Clavicornia” (Coleoptera: Cucujoidea)  112 (Esser, 2021) 

Curculionoidea 189 (Sprick et al., 2021) 

 “Diversicornia” (Coleoptera) 85 (Schmidl, Wurst, et al., 

2021) 

Heteroptera 216 (Simon et al., 2021) 

Orthoptera 30 (Maas et al., 2011) 

Scarabaeidae 21 (Schaffrath, 2021) 

Scolytinae 9 (Bussler & Bense, 2021) 

Staphylinidae 147 (Schmidl, Bussler, et al., 

2021) 

“Teredilia” and Heteromera (Coleoptera: 

Bostrichoidea: Lyctidae, Bostrichidae, 

Anobiidae, Ptinidae; Tenebrionidea) 

33 (Schmidl, Bense, et al., 

2021) 

https://www.bexis.uni-jena.de/ddm/data/Showdata/32057
https://www.rote-liste-zentrum.de/de/Download-Wirbellose-Tiere-1875.html
https://www.rote-liste-zentrum.de/de/Download-Wirbellose-Tiere-1875.html
https://www.rote-liste-zentrum.de/de/Download-Wirbellose-Tiere-1875.html
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Land-use intensity components 

 

Figure S1: Mean frequencies of the management components to calculate the different niche-models on 

the 150 plots from 2008-2018 (a) Fertilizing intensity in kgN/ha (b) Grazing intensity in livestock units per 

hectare and grazing days = LSU d/ha (c) Mowing intensity in cuts ± impact of mowing regime i.e., mowing 

machine, mowing height and use of conditioner per year. 

Example calculation of AWM and fate of Species i 

The niche model analysis is based on a randomization-based null model. It assesses the niche 

optimum (abundance weighted means) and niche breadth (abundance-weighted standard 

deviation) for different species based on their plot occurrences (Null model I), or their abundances 

(Null model II), with the land-use intensity of fertilizing, grazing or mowing. The null model I 

(occurrence-based) randomizes the gradient values for the plots where the species occurs, 

whereas the null model II (abundance-based) randomizes the gradient values for the plots where 

the species occurs, weighted by the species' abundance on those plots. We chose the more 

conservative null model I for our calculations in this study. For each null model, the weighted 

mean (and standard deviation) of the environmental gradient are calculated over 10,000 

iterations. These null models provide baseline expectations for the species' niche optimum and 

breadth in a random distribution. For each species, the observed niche metrics are compared to 

the null models to calculate p-values. For the niche optimum, the p-value tests how often the null 

model means are larger than the observed niche optimum. For the niche breadth, the p-value 

tests how often the null model standard deviations are larger than the observed niche breadth. If 

the p-value is < 0.05, the observed niche metric is considered clearly different from the null 

expectation. Based on the comparison between the observed niche and the null models, each 

species is categorized into one of the following fates: Species whose observed niche optimum is 

significantly higher than the null model are winners, species whose observed niche optimum is 

significantly lower than the null model are losers, and species whose niche optimum does not 

clearly differ from the null model are neutrals. By calculating this for each species, we can 

compare how different species respond to land-use intensity across multiple sites and years. 
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The formula for calculating the niche optimum 𝐴𝑊𝑀𝑖 of a species 𝑖 can be expressed as the 

weighted average of 𝐿𝑠,𝑦 the land-use intensity, and is on the basis of the following formula 

(Chisté et al., 2016): 

𝐴𝑊𝑀𝑖 =∑

150

𝑠=1

∑

2018

𝑦=2008

𝑝𝑖,𝑠,𝑦 × 𝐿𝑠,𝑦 

where 𝑝𝑖,𝑠,𝑦 is the proportion of individuals of species 𝑖 found in site 𝑠 in year 𝑦 in relation to its 

total abundance across all sites and all years (∑𝑠 ∑𝑦 𝑝𝑖,𝑠,𝑦 = 1) and 𝐿𝑠,𝑦 is the land-use 

intensity on site 𝑠 in year 𝑦. 𝐿𝑠,𝑦 was calculated for each year using respective land-use 

components of the sampling year. Here, the formula takes the weighted average of land-use 

intensity across all sites ∑150𝑠=1  and years ∑2018𝑦=2008 . The land-use intensity values 𝐿𝑠,𝑦 are 

weighted by the proportion of the species' abundance at that site and year 𝑝𝑖,𝑠,𝑦. The result of 

𝐴𝑊𝑀𝑖 indicates the average land-use intensity the species prefers, based on where and when it 

is most abundant. Which means, if the 𝐴𝑊𝑀𝑖 is high, it indicates that species 𝑖 tends to occur in 

sites with high land-use intensity, and if the 𝐴𝑊𝑀𝑖  is low, species 𝑖 is more likely to be found in 

sites with low land-use intensity. 

This means for Species i that step by step, the model firstly extracts all rows from the dataset 

where the species occurs, then calculates the number of unique plots that Species i is found in. 

For that, we averaged the land-use intensity at site 𝑠 across the years 2008–2018 and summed 

the abundances per site and species. In our example, Species i occurs on 7 out of the 150 sites 

𝑠(=Noccur) with an abundance of 50 individuals. In the next step the niche optimum as the 

weighted mean of the gradient values where the species occurs, weighted by the species' 

abundance in each plot, is calculated. Species i occurs on the 7 plots with a mowing intensity of 

[2.5, 3.0, 2.7, 3.5, 2.8, 3.1, 2.9], and a given abundance distribution of [12, 9, 7, 6, 6, 5, 5], the 

niche optimum is calculated as: 

𝐴𝑊𝑀 =
(2.5 × 12) + (3.0 × 9) + (2.7 × 7) + (3.5 × 6) + (2.8 × 6) + (3.1 × 5) + (2.9 × 5)

12 + 9 + 7 + 6 + 6 + 5 + 5
= 2.87 

So, the niche optimum (AWM) for Species i is 2.87. 

For calculating the niche breadth, which is the weighted standard deviation of the gradient values, 

weighted by the abundance, the formula is:  

𝑤𝑡. 𝑣𝑎𝑟 =
12 × (2.5 − 2.87)2 + 9 × (3.0 − 2.87)2 +⋯

12 + 9 + 7 + 6 + 6 + 5 + 5
 

Once the variance is calculated, the niche breadth (AWSD) is the square root of the weighted 

variance. So, the niche breadth for Species i is 0.34. 



Chapter 3 – Losers and winners: Responses of grassland arthropods to land use components 

106 
 

In the next step, we calculate the null models of Species i with 10.000 randomizations. Further, 

the script calculates the p-value by checking how often the null model means are larger than the 

observed niche optimum. In the occurrence-based null model (null model I) the gradient values 

are randomly sampled from the region where the species occurs, and the mean and standard 

deviation are calculated for each randomization. We assume that the null1mean (average of null 

means) is 2.92, the null1sd (null standard deviation) is 0.38, and the p-value for niche optimum 

from null model I is 0.03. This indicates that the observed niche optimum is significantly different 

from the null expectation. The abundance-based null model (null model II) randomly samples the 

gradient, but weights it by the species' abundance. We assume the null2mean (abundance-based 

null mean) is 2.90, the null2sd (abundance-based null standard deviation) is 0.36, and the p-

value for niche breadth from Null Model 1 is 0.10, indicating no clear difference from the null 

model. Finally, based on the results, Species i is assigned a "fate" (ecological role). If the species' 

niche optimum is significantly higher than the null model, it is assigned the fate of "winner". If 

lower, it's a "loser". Otherwise, it is neutral. Since the p-value for niche optimum is 0.03, and the 

observed niche optimum is lower than the null model mean, Species i is assigned the fate of 

"loser". By calculating this for each species, we can compare how different species respond to 

land-use intensity across multiple sites and years. 
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Simulation of species, which occurrences were too rare 

 

Figure S2: Randomization: The results of 10 simulations of log-normal distributions of a species that occur 

in a defined number of plots (1-150) for each gradient. Losers were simulated (red) that occurred in the 

lowest ranked plots of the gradient, winners (green) to occur in the highest ranked plots. If the abundance-

weighted mean values of the simulated losers or winners are mostly "significant" (i.e. their mean gradient 

value below or above 95% of the null model values, this defined the threshold for our analysis, indicating 

the minimum occurrences required for reliable classification of species responses for fertilizing, grazing, 

and mowing.  
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SI Results 
 

 

Figure S3: Number of species within the orders Araneae, Coleoptera, Hemiptera, Orthopteras with their 

fate of the three land-use intensity components for the subset after the simulation, as depicted in Table 1. 

To detect losers, for fertilizing, at least five occurrences were needed (excluding 739 species that occurred 

in < 5 plots out of the 1352 species), while for mowing (422 species excluded) and grazing (416 species 

excluded), two occurrences were sufficient. To detect winners, no thresholds were necessary. 
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Figure S4: Number of species within the orders Araneae, Coleoptera, Hemiptera, Orthopteras with their 

fate of the three land-use intensity components for the subset of fertilizing after the simulation applied to 

all components (excluding 739 species that occurred in < 5 plots) for an unbiased comparison.  
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Figure S5: Number of species with their fate of winners and losers. Classified per order within the land-use 

intensity components for the 1352 analysed species, excluding neutrals. 
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Figure S6: Comparison between the abundance weighted means (AWM) of fertilizing, grazing and mowing 

of 1352 grassland species within four arthropod order. Clear statistical differences could be found in 

mowing between Coleoptera and Hemiptera and in fertilizing between Araneae and Hemiptera. 
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SI Comparing results with Chisté et al. (2016, 2018) 

For comparing our results with those from Chiste et al. (2016, 2018), we used Spearman Rang 

correlations (lm). Further, we observed both similarities and differences in species classifications 

of Orthopterans and Cicadas. It must be noted, that all three studies were conducted on the same 

plots of the Biodiversity Exploratories. However, Chiste et al. (2016, 2018) employed also suction 

sampling through a biocenometer, while our study relied solely on sweep netting, which could 

have influenced the detection and abundance patterns of species, by the method of sampling. 

With sweep netting, a larger area was sampled, but always at the same height, whereas with 

suction sampling a whole cubic meter was sampled.  

When comparing our results with Chiste et al. (2016) for Orthoptera, we found solely significant 

positive correlations for fertilizing (t = 6.55, p < 0.001), grazing (t = 5.13, p < 0.001), and mowing 

(t = 6.95, p < 0.001) (SI Fig S7). Our study recorded 30 species of Orthoptera, with 5 new species 

not previously recorded in Chiste et al. (2016) (2008-2013 sweep netting and 2014 suction 

sampling). Four species previously found were not detected, which could also indicate possible 

local extinctions or reduced populations due to land-use changes. This could be also the case 

for Gryllus campestris and Tetrix undulata, which were previously classified as overall losers. 

However, both species are bottom dwellers and with sweep netting they would probably not be 

caught. Fertilizing practices show clear changes in species classifications: In Chiste et al. (2016), 

no species were classified as winners, but in our study, five species emerged as winners. Further, 

we observed shifts in species status with eight species improving in response to land-use 

practices—four of them transitioning from losers to neutrals, and four neutrals becoming winners. 

Omocestus viridulus and Metrioptera roeselii showed a negative shift, becoming losers from their 

previous neutral status. Grazing effects showed declines in five species. However, Chorthippus 

dorsatus and Omocestus viridulus showed an improvement, now classified as a winner and 

neutral, respectively, under grazing pressures. Our results for mowing were largely consistent 

with the previous findings, despite the introduction of a new mowing index in our study, instead 

of solely the number of cuts (Hartlieb et al., 2024). We found two species declining, whereas 

Chorthippus biguttulus was neutral and is now classified as a loser. Four species did increase in 

their status.  



Chapter 3 – Losers and winners: Responses of grassland arthropods to land use components 

113 
 

 

Figure S7: Correlation between the observed niche optima (abundance-weighted means, AWM) for the 

land use components fertilizing (kgN/ha), grazing (LSU d/ha), and mowing (number of cuts and cuts ± 

impact of mowing regime) of 25 species of Orthoptera (plus) between our results and the results of Chisté 

et al. (2016, 2018). Color depicts the matching fates of the compared AWMs: winner-winner = green, 

winner-neutral = blue, neutral-neutral = grey, neutral-loser = orange, loser-loser = red, winner-loser = black. 

Lines are model predictions with 95% confidence intervals; solid if the trend was significant. 

When comparing our results with Chiste et al. (2018) for plant and leafhoppers, we found 

significant positive correlations for fertilizing (t = 2.7, p = 0.008) and mowing (t = 5.7, p < 0.001), 

but none for grazing (t = 0.865, p = 0.39) (SI Fig S8). Chiste et al. (2018) recorded 117 species 

in 2015 (only suction sampling), our study identified 167 species, with 64 newly recorded species. 

However, 14 species previously found were not detected in the current sampling—one of which 

was a former overall loser (Tettigometra atra), while the others were classified as neutral. In 

general, there are high overlaps in the results across the three land-use intensity components. 

However, the more diverse outcomes observed with the plant and leafhoppers can likely be 

attributed to differences in the sampling methods, which may capture species with varying 

ecological niches more effectively. In response to fertilizing, 33 species saw a decline in their 

status, with Psammotettix alienus decreasing from winner to loser. Contrary, only 10 species 

showed one-step improvement. This indicates that fertilizing continues to present challenges for 

many herbivorous species, particularly those with specific habitat requirements or sensitivities to 

nutrient enrichment (Welti et al., 2017). Under grazing pressure, 22 species showed a decline in 

status, while 16 species improved. This suggests that the species may have adapted to changing 

grazing intensities, or the management practices may have shifted to favor its ecological 

requirements. For species affected by mowing, we observed notable shifts in classification. Two 

species that had previously been losers — Aphrodes makarovi and Muellerianella brevipennis — 

were now classified as winners. In contrast, Arthaldeus pascuellus, Forcipata citrinella and 

Psammotettix alienus, which had been winners in the previous study, were now categorized as 

losers. Overall, 14 species improved in response to mowing practices, while 19 species 

experienced a decline, reflecting the complex and variable impact of mowing on these 

communities. This complexity is particularly evident in plant and leafhoppers, where the 



Chapter 3 – Losers and winners: Responses of grassland arthropods to land use components 

114 
 

introduction of the new mowing index provides a clearer picture of species' responses to different 

mowing regimes.  

 

Figure S8: Correlation between the observed niche optima (abundance-weighted means, AWM) for the 

land use components fertilizing (kgN/ha), grazing (LSU d/ha), and mowing (number of cuts and cuts ± 

impact of mowing regime) of 102 species of plant- and leafhoppers of the order Hemiptera (square) 

between our results and the results of Chisté et al. (2016, 2018). Color depicts the matching fates of the 

compared AWMs: winner-winner = green, winner-neutral = blue, neutral-neutral = grey, neutral-loser = 

orange, loser-loser = red, winner-loser = black. Lines are model predictions with 95% confidence intervals; 

solid if the trend was significant.
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ABSTRACT  

Background: Anthropogenic pressures such as mowing, urbanization, and habitat isolation 

create strong environmental gradients in urban areas that can impact arthropods and plants. 

Urban expansion and land sealing reduce green spaces and create isolated green islands within 

the urban landscape, some of which are intensively managed for human use. This trend poses a 

challenge to arthropods and plants as they struggle to find suitable habitats, hindering their 

dispersal due to the distance between isolated greenspaces, missing corridors, and the 

management practices in these areas. 

Methods: This study examined 249 different greenspaces with varying environmental gradients 

in three German cities to assess arthropod and plant diversity. We found 342 plant and 667 

arthropod species within the focal groups of Araneae, Cicadina, Coleoptera, Formicidae, 

Heteroptera, Opiliones, and Orthoptera. We applied a quantitative niche model to evaluate 

species-specific responses to management and habitat fragmentation.  

Results: Most species were classified as neutral in response to mowing, isolation, and 

urbanization. Yet, results differ depending on the group, with Orthoptera showing the highest 

proportion of losers and Formicidae the most winners. Mowing accounted for the most 

detrimental factor, with the most losers and fewest winners. However, trait-based analyses 

revealed that smaller arthropods and ground-dwelling species were more tolerant of intensive 

mowing. Further, comparisons with the Red List showed that already threatened plant species 

are susceptible to isolated habitats. 

Conclusion: These findings highlight the species-specific variation in anthropocentric 

environmental gradients of plants and arthropods. While habitat fragmentation is often 

permanent, reducing mowing intensity could be an easy method of preventing the loss of 

vulnerable groups, which is essential for the good coexistence of biodiversity and human needs 

in urban areas. 

Keywords: mowing intensity; habitat fragmentation; isolation; species communities; species 

diversity; urban ecology; green spaces  

INTRODUCTION 

Urbanization is a dominant driver of global change, with cities continually expanding, and more 

people expected to inhabit them in the future (Gu, 2019). This ongoing process leads to 

substantial habitat loss and fragmentation, contributing to the global decline in biodiversity  

(Ceballos et al., 2015; Newbold et al., 2015). Despite these pressures, urban areas can offer 

critical refuges for various species, acting as stepping stones within fragmented landscapes 

(Spotswood et al., 2021). Urban areas often have a high level of biodiversity in a relatively small 

area, with species not commonly found in the surrounding landscape. For example, plant 



Chapter 4 – Nature in the city: The impacts of urbanization and mowing on arthropods and 
plants 

117 
 

communities are often shaped by introductions, spontaneous colonization, and human-mediated 

dispersal (Kowarik, 2011; McKinney, 2008).  

The most typical and widespread type of vegetation in urban areas consists of greenspaces, a 

category of grasslands encompassing parks, frequently mown lawns, roadside verges, and other 

open vegetation types maintained through regular mowing (Ignatieva et al., 2015; Klaus, 2013). 

These green spaces are often managed intensively to avoid succession and to preserve a 

desired aesthetic or recreational function (Ignatieva et al., 2020). Besides the fact that 

management reduces plant species (Sehrt et al., 2020), it also impacts arthropod populations. 

Many species can survive annual mowing, but a high mowing intensity has a strong negative 

effect on both arthropod abundance and richness (Proske et al., 2022). It further reduces the 

availability of suitable sites for larval development, limiting the number of species that can 

successfully reproduce in intensively mown urban green spaces (Wintergerst et al., 2021).  

Further, urban green spaces are frequently small and isolated. Still, the size and isolation are 

critical factors when employing the island theory to elucidate species distribution and diversity in 

these settings (MacArthur & Wilson, 2001). These green islands amidst urban areas can 

influence the species community they support (Fattorini et al., 2018). Species richness represents 

a dynamic equilibrium between immigration and extinction rates, affected by the size of the area 

and the distance to the source of colonization, since larger urban areas with corridors tend to 

have more species (Beninde et al., 2015). Connectivity between green spaces would be 

particularly beneficial for the spread of species (Rosenberg et al., 1997). However, many areas 

are sealed or built upon, with greenspaces in cities decreasing (Haaland & van den Bosch, 2015). 

Suitable habitats for many animals have become scarce. This leads to a broad homogenization 

of species as more specialized ones struggle to find adequate food sources or habitats to raise 

their young (McKinney, 2006). Yet, the trend of designing areas subjected to human pressure in 

a more biodiversity-friendly way occurs in very few cases. 

In addition, the geographic location of the greenspaces is essential. This is especially relevant 

as cities expand into lower-density areas. Overall, species richness is often diminished in zones 

characterized by intense urbanization, such as central urban core areas (McKinney, 2008). 

Further, those urban areas experience significantly higher temperatures than their rural 

surroundings due to the absorption and retention of heat by buildings, roads, and other man-

made structures without vegetation cover (Deilami et al., 2018).  

These factors collectively influence the species that establish themselves in urban green spaces. 

Consequently, the number of adaptable generalists that occupy the empty niches left by declining 

specialists increases (Kalusová et al., 2017; Proske et al., 2022; Wintergerst et al., 2021).  

To better understand how habitat fragmentation in urban areas affects biodiversity, this study 

aims to explore the impacts of the environmental gradients of urbanization, isolation and mowing 

intensity on arthropod and plant species. We, therefore, sampled 249 different greenspaces with 
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varying environmental gradients in three German cities, Bamberg, Darmstadt, and Göttingen. To 

evaluate species-specific responses to management and habitat fragmentation, we applied a 

quantitative niche model to analyze which species emerge as winners, losers, or neutrals to the 

corresponding environmental gradient. We propose that grassland arthropod species with narrow 

ecological niches and lower population densities are particularly sensitive. This might be further 

reflected by their category and conservation status on the Red List. Therefore, we integrate this 

relationship for arthropod and plant species and further explore short-term and long-term 

population trends. By further investigating the niche optima of arthropod species based on 

species-specific traits, we aim to identify traits that increase vulnerability to anthropogenic 

environmental gradients. This study's insights help develop targeted conservation strategies and 

improved management practices for more nature in the city. 

MATERIAL AND METHODS 

Study sites 

From June 2nd, 2022, to July 14th, 2022, we sampled a total of 249 green areas in and around 

the cities of Bamberg (79 plots), Darmstadt (92 plots), and Göttingen (78 plots) in Germany. 

Bamberg, located in northern Bavaria, has a population of 80,000 and covers an area of 54.62 

km². The old town features a historic core and is designated as a UNESCO World Heritage Site. 

Darmstadt, situated in southern Hesse, has a population of 162,243 and covers an area of 122.07 

km², while Göttingen, located in south Lower Saxony, has a population of 118,946 and covers an 

area of 117.02 km². Those three medium-sized cities were chosen for their density, size, and 

isolation comparability. 

Plots were selected to represent major urban green space types (meadow, park or recreational 

area, field margin, roadside greenery, or commercial area) across three landscape contexts: 

urban, transitional, and rural zones. Initial plot delineation was conducted in QGIS 3.16 (QGIS, 

2015) based on land use, area size, and spatial isolation. Ownership or management contacts 

were sought for permission; following sampling, all were re-contacted via a questionnaire to ask 

for land-use data, particularly mowing frequency and intensity. Species lists (plants and 

arthropods) of the plots were returned to the contacts. 

Sampling in the field 

Sampling occurred once per plot under dry and sunny conditions. Arthropods were collected from 

1 m² in the approximate center of the plot using a biocenometer and a modified leaf vacuum (Stihl 

SH 86) as a suction sampler with a gauze catch bag. Arthropod samples were treated with CO₂ 

in the field, stored cool, and later frozen. In the lab, the animals were sorted from the samples 

and, in the first step, determined to order level. Specimens of the selected focal taxa - 
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Formicidiae, Coleoptera, Heteroptera, Araneae, Cicadina, and Orthoptera - were identified at the 

species level.  

To identify plant species on the plots, we used an area of 20 square meters of continuous 

grassland vegetation next to the biocenometer. All species found within 20 minutes were 

identified to species level (with aggregates conservatively treated as one single species). 

Following the Braun-Blanquet method, the cover of the plants was also estimated based on their 

condition (flowering, budding, seeding, or vegetative). If a plant could not be identified in the field, 

it was collected and later identified using appropriate literature. Additionally, we recorded in the 

20 square meter plot vegetation variables such as moss coverage, litter, open ground, and 

maximum and 90% vegetation heights. 

Further, we recorded structural variables within a radius of 10 meters from the biocenometer. 

Therefore, we estimated the area's condition and percentage, including mowing status, open 

ground, sealed surface, green area, trees, shrubs, perennials, water bodies, footpaths, roads, 

buildings, and deadwood. In addition, we noted the temperature and weather conditions during 

sampling. 

Environmental gradients: Mowing, isolation and urbanization  

The information on mowing practices from the land managers' questionnaires was used to 

calculate the compound mowing intensity index Hartlieb et al. (2024) for 1. practices up to the 

time of sampling in 2022 and 2. the entire previous year. The index is based on the cutting 

frequency but further incorporates the mowing machine, the cutting height, and the conditioner 

use. In cases with missing values of a factor, the neutral benchmark, a chosen mean value of 

each component, representing a midpoint between favorable or unfavorable mowing practices 

affecting the biodiversity of meadow-dwelling species, was used (Hartlieb et al., 2024).  

For the degree of isolation and urbanization, all sampled areas were mapped in QGIS 3.16 

(QGIS, 2015), and a 500m buffer was applied around them. For the green area, layers from 

OpenStreetMap (OpenStreetMap Contributors, 2022), including "orchard”, "grass", "flowerbed", 

"village_green", "residential", "farmland", "meadow", "grass", "recreation_ground", and 

"farmyard" were imported. These polygons were checked within the buffer to determine if they 

met our criteria for green spaces. New polygons were defined for all 249 green areas not 

sufficiently covered by OpenStreetMap. Google Maps was also used as a reference to identify 

the types of areas. 

The delineated green spaces include parks, including those with individual trees, as there might 

be grass under the trees, roadside greenery, public residential complexes, meadows, pastures, 

green pathways, field margins, orchards, accompanying greenery, and other greenspaces, as 

well as undeveloped land, sunbathing lawn in public baths, and dog training areas. Areas not 

considered greenspace include agricultural land, private gardens, forests, and sports fields. 
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The same method was applied to import urban areas from OpenStreetMap. For this purpose, the 

following layers were imported: "residential", "farmyard", "industrial", "commercial", "retail", 

"school", "gym", "sports field", "university", "parking area", "museum", "religious buildings", 

"leisure", and "cemetery." 

Furthermore, maps (as of December 2022) from the Federal Agency for Cartography and 

Geodesy, specifically the DLM50 layer, were used. With these maps, the assignment to the 

location of the plot was determined, whether it is within the city, in the transition area, or in the 

surrounding countryside. All plots located outside the administrative area were assigned to the 

surrounding countryside. Plots outside the built-up areas were classified as transition areas, while 

plots within built-up areas were classified as within the city. If a plot intersects with two layers, 

the assignment was based on where most of the plot lies. 

The GIS layers of the sampled areas in the three different cities and the delineated green spaces 

were carefully aligned to ensure that the plot with the equivalent green area in the other layer 

was identical, thereby avoiding inaccuracies. Additionally, our plots were extracted from the 

urbanization layer to ensure accurate calculations. The area of the plots was calculated from the 

polygons. 

The GIS layers were then imported into R Studio version 4.3.2. Around the sampled plots, buffers 

of varying sizes (50m, 100m, 250m, and 500m) were created, and the green area within the 

buffer of the surrounding green spaces was intersected and calculated with the package ‘sf’ 

(Bivand, 2023). This calculation provided the percentage of isolation and green area 

(grasslands). The same method was used with the urban area to get the degree of urbanization 

around the plots. 

Niche model calculations 

A quantitative niche model was applied to characterize species' ecological niches, following the 

framework established by Chisté et al. (2016). This model quantified species-specific responses 

to environmental gradients and incorporated a randomization approach to identify trends, even 

for rare species. For this analysis, only plant and adult arthropod species that were determined 

to species level were considered, including those with at least one occurrence on a plot. The 

model evaluated species' responses to different percentages of isolation, urbanization, and 

mowing intensity (Table 1). A randomization-based null model was used to evaluate abundance-

weighted means (AWM) values statistically. The AWM was defined as the weighted mean 

gradient values (land-use niche optimum), weighted by the proportion of individuals of a species 

in each plot. This model assumed that each species had an equal probability of occurring at any 

site within the regions where it was found. Mowing, isolation, or urbanization intensity values 

were assigned randomly to species from plots in the respective region (Bamberg, Darmstadt, 

Göttingen) where they were recorded. For instance, if a species was only present in Bamberg, 
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its randomized values were derived solely from the plots within that region. The model was run 

for 10,000 iterations to generate an expected distribution of AWMnull values. A species was 

classified as a “loser” if its observed AWM was lower than 95% of the null distribution (p < 0.05) 

and as a “winner” if it’s AWM was higher than 95% of the null values (p < 0.05). Species that did 

not meet these criteria were categorized as “neutral”. 

Table 1: Number of plots with the available information on the environmental gradients of mowing, isolation, 

and urbanization for the investigated species of arthropods and plants using a quantitative niche model. 

Environmental gradient Taxa Year Plots Species 

Mowing intensity index Arthropods 2022 227 654 

Mowing intensity index Arthropods 2021 242 662 

Mowing intensity index Plants 2022 224 331 

Mowing intensity index Plants 2021 239 338 

Isolation/Urbanization Arthropods 2022 249 667 

Isolation/Urbanization Plants 2022 249 342 

Effect of conservation status 

To understand how environmental gradients influence species across various conservation 

statuses, data from the German Red List: Rote Liste Zentrum for plants and arthropods 

(https://www.rote-liste-zentrum.de/, last accessed Mai 2025) were used. We included those 

species assessed under the following categories: Least Concern (LC), Near Threatened (NT), 

Rare (/R), Threatened to an Unknown Extent (G), Vulnerable (VU), Endangered (EN), Critically 

Endangered (CR), and Extinct in Germany (EX). Short-term and long-term population trends 

were simplified into three categories: decreasing, stable, or increasing. Categories with just one 

representing species were excluded from analysis, as were those with deficient data or not 

evaluated. Additionally, non-native species were not considered, as they are not assessed in the 

German Red List. 

Trait analysis of arthropods 

To investigate the ecological functions of species in the groups Araneae, Cicadina, Coleoptera, 

Heteroptera, Opiliones and Orthoptera and their potential responses to the environmental 

gradients of mowing, isolation, and urbanization, a trait-based approach was applied. For this 

purpose, a detailed trait database was compiled from numerous literature sources and cross-

checked with expert taxonomists for accuracy, as described in Gossner et al. (2015). These traits 

included mean body size (in millimeters), feeding guild, stratum use, and dispersal ability. 

Feeding guilds were classified into four categories based on primary food resources during both 

https://www.rote-liste-zentrum.de/de/Download-Wirbellose-Tiere-1875.html
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larval and adult life stages: carnivores, herbivores, omnivores (consume multiple food sources in 

roughly equal proportions, such as plants, prey, fungi, or decaying organic material), and myceto-

detritivores (combining detritivores, fungivores, and mycetophagous species). By default, all 

Araneae were categorized as carnivores and all Cicadina as herbivores. Stratum use refers to 

the typical vertical habitat a species occupies and is categorized in undefined, soil, ground, herb, 

and tree/shrub layer. Dispersal ability is a categorical trait, expressed numerically for consistency 

with previous literature, ranging from 0 (low) to 1 (high) in steps of 0.25. The definition varies by 

taxonomic group: for Hemiptera, Coleoptera, and Orthoptera, it considers wing dimorphism; for 

Coleoptera, flight capacity is included; and for Araneae, behaviors such as ballooning and 

migration are taken into account. Mean body size values were log-transformed for analysis, and 

categories with just one representing species were excluded. 

Statistical analysis 

We conducted a comparison of the abundance-weighted means (AWM, niche optima) of the 

environmental gradients of mowing (applied management of previous year of sampling), isolation 

(buffer 100m), and urbanization (buffer 100m) with the conservation status of the Red List of both 

plants and arthropods and the arthropod traits. We used R (version 2023.12.1; R Core Team, 

2022) for this analysis and the niche models. 

For all calculations, the abundance-weighted means (AWM) of mowing was log-transformed, and 

the AWM of urbanization was square-root transformed.  

To analyze relationships between the three environmental gradients (response variables) and 

Red List statuses (categories and short- and long-term population trends), as well as the mean 

body size (in mm) of the arthropods (all explanatory variables), we used Generalized Linear 

Mixed Models (GLMMs) implemented via the glmmTMB package (Brooks et al., 2017). A zero-

inflated Gaussian distribution was specified, with a constant zero-inflation parameter across all 

observations. The taxonomic groups were included as a random intercept for arthropods to 

control for non-independence.  

For the arthropod trait categories, we used the conservative Kruskal-Wallis rank sum test (H(2)) 

because the homogeneity of variance was partially violated, and residuals were not normally 

distributed. Where significant results were found, Dunn’s test was applied as a post-hoc analysis 

using the Bonferroni-Holm correction to avoid type I errors. For calculations involving percentage 

differences, mean values were used. 

RESULTS 

Altogether, we found 25,430 individuals of 667 arthropod species within the focal groups of 

Araneae (71 species, 1221 individuals), Cicadina (92 species, 4880 individuals), Coleoptera (327 

species, 3552 individuals), Formicidiae (24 species, 13,492 individuals), Heteroptera (134 
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species, 2091 individuals), Opiliones (3 species, 6 individuals), and Orthoptera (16 species, 188 

individuals) and 342 different plant species in our three investigated cities Bamberg, Darmstadt, 

and Göttingen on 249 plots in 2022. 

The niche model showed that individual species had a wide range of responses, across all three 

environmental gradients of mowing, urbanization, and isolation. For mowing, we calculated the 

mowing intensity on each plot, the degree of isolation refers to how disconnected the plot is from 

other nearby meadow habitats, whereas urbanization describes the extent of surrounding sealed 

or built-up areas.  

8% of all arthropods were classified as losers and 7.6% as winners, whereas plants showed 

13.2% losers and 7.5% winners across all three environmental gradients (Table 2). However, the 

majority of the species of arthropods (84.4%) and plants (79.3%) were classified as neutral. 

Within the arthropod groups, Orthoptera showed the highest proportion of losers (14%) and 

Formicidae had the highest proportion of winners (20.8%). Five arthropod species were identified 

as overall losers across all three environmental gradients: Megadelphax sordidula (Cicadina), 

Anoscopus serratulae (Cicadina), Streptanus aemulans (Cicadina), Amblytylus nasutus 

(Heteroptera), Pseudochorthippus parallelus (Orthoptera), and seven plant species: Agrimonia 

eupatoria, Arrhenatherum elatius, Heracleum sphondylium, Lathyrus pratensis, Lotus 

corniculatus, Picris hieracioides, Rumex acetosa. In comparison, there were three arthropod 

species, which emerged as overall winners (Formicidae: Lasius niger, Tetramorium caespitum 

and Araneae: Erigone dentipalpis), whereas no plant species. Among the environmental 

gradients, mowing accounted for the highest proportion of losers and fewest winners for 

arthropods (l: 10.8%, w: 4.5%) and plants (l: 17.2%, w: 4.2%), whereas urbanization accounted 

for both arthropods (11.2%) and plants (11.7%) the most winners and isolation for both 

arthropods (5.2%) and plants (7.9%) the fewest losers. 
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Table 2: Species numbers of losers, neutrals, and winners of arthropods (Araneae, Cicadina, Coleoptera, 

Formicidae, Heteroptera, Opiliones, and Orthoptera) and plants analyzed by a niche model across all three 

environmental gradients of mowing (applied management of previous year of sampling), isolation (buffer 

100m), and urbanization (buffer 100m). 

 

Group Fate Mowing 2021 Isolation Buffer100 Urbanization Buffer100 

Araneae  

(71 species) 

Loser 5 2 5 

Neutral 60 64 61 

Winner 5 5 5 

Cicadina 

(92 species) 

Loser 16 4 12 

Neutral 75 84 73 

Winner 1 4 7 

Coleoptera 

(327 species) 

Loser 23 15 17 

Neutral 285 290 277 

Winner 17 22 33 

Formicidae 

(24 species) 

Loser 0 3 2 

Neutral 20 16 16 

Winner 4 5 6 

Heteroptera 

(134 species) 

Loser 24 9 15 

Neutral 105 117 97 

Winner 3 8 22 

Opiliones 

(3 species) 

Loser 0 0 1 

Neutral 3 2 2 

Winner 0 1 0 

Orthoptera 

(16 species) 

Loser 2 2 3 

Neutral 14 12 13 

Winner 0 2 2 

Plants 

(342 species) 

Loser 58 27 50 

Neutral 266 292 252 

Winner 14 23 40 
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Conservation status 

Notably, we found one species that is extinct in Germany according to the German Red List 

(Coleoptera: Lixus vilis, two individuals in Darmstadt) and one that is critically endangered 

(Coleoptera: Dryops viennensis, one individual in Bamberg). Yet, for the other arthropod species 

within the Red List categories (ranging from Least concern to Endangered), no differences 

between the environment gradients of mowing (z = -1.34, p = 0.18), isolation (z = 0.19, p = 0.85), 

and urbanization (z = -0.9, p = 0.37) could be found. For plants, there were no differences 

between the Red List categories and mowing (z = -1.74, p = 0.082) and urbanization (u: z = 0.55, 

p = 0.59). However, for isolation, the effects were particularly negative for plant species with 

higher-risk Red List categories (z = 2.04, p = 0.042) (Fig. 1). 

In addition to the Red List categories, the short-term and long-term population trends (classified 

as decreasing, stable, or increasing) were compared with species' abundance-weighted means 

(AWM) of the environmental gradients. For arthropods, no differences between the short-term 

trends and mowing (z = -0.67, p = 0.51), isolation (z = 0.08, p = 0.94), and urbanization (z = -0.2, 

p = 0.84) could be found. Similarly, there were no differences between the long-term population 

trends of arthropods and isolation (z = -0.46, p = 0.65) and urbanization (z = 1.62, p = 0.1). In 

contrast, a tendency could be found that decreasing arthropod populations were mainly 

associated with a lower mowing intensity (z = 1.96, p = 0.05). 

For plants, the results were slightly clearer between the short-term population trends and the 

environmental gradients of mowing (z = 3.043, p = 0.002) and urbanization (z = 2.62, p = 0.009), 

both showed decreasing populations with lower AWM. No differences could be found for isolation 

(z = 0.31, p = 0.76). For the long-term population trends, the same effect could be found just for 

mowing (z = 3.28, p = 0.001), whereas isolation (z = 0.58, p = 0.56) and urbanization (z = 1.62, 

p = 0.11) had no effect (Fig. 2). 
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Figure 1: Conservations status (Red List categories) with the abundance-weighted mean (niche optimum) 

of the environment gradients of mowing (applied management of previous year of sampling), isolation 

(buffer 100m), and urbanization (buffer 100m) for 251 plant species, showing losers (red), neutrals (black), 

and winners (green). Red list categories: LC = Least concern, NT = Near threatened, VU = Vulnerable, EN 

= Endangered. Mowing AWM are log-transformed. Lines are model predictions with 95% confidence 

intervals; solid and dark blue if the trend was significant. 
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Figure 2: Short-term and long-term population trends (Red List) with the abundance-weighted mean (niche 

optimum) of the environment gradients of mowing (applied management of previous year of sampling), 

isolation (buffer 100m), and urbanization (buffer 100m) for 251 plant species, showing losers (red), neutrals 

(black), and winners (green). Mowing AWM are log-transformed. Lines are model predictions with 95% 

confidence intervals; solid and dark blue if the trend was significant. 
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Trait analysis of arthropods 

The mean body size (mm) of the species was both negatively correlated with AWM of mowing 

(z = -4.16, p < 0.001) and the AWM of urbanization (z = -3.646, p < 0.001), meaning smaller 

species had their land use niche at higher, and larger species at lower intensities (Fig. 3). For 

isolation, no differences could be found (z = 1.45, p = 0.148).  

 
Figure 3: Mean body size (mm) with the abundance-weighted mean (niche optimum) of mowing (applied 

management of previous year of sampling), isolation (buffer 100m), and urbanization (buffer 100m) for 547 

arthropod species within the focal groups of Araneae (square), Cicadina (triangle), Coleoptera (circle), 

Heteroptera (star), Opiliones (square with x), and Orthoptera (circle with x), showing losers (red), neutrals 

(black), and winners (green). Urbanization is square-root transformed, and mowing and mean body size 

(mm) are log-transformed. Lines are model predictions with 95% confidence intervals; solid and dark blue 

if the trend was significant. 

Feeding guilds, grouped in carnivores, herbivores, myceto-detritivores, and omnivores, were 

associated with the abundance-weighted means (AWM) along the measured environmental 

gradients. For the mowing gradient, a significant difference among feeding guilds was detected 

(H(2) = 10.82, p = 0.013). Specifically, herbivorous species exhibited significantly lower AWM 

values than carnivorous species (z = -2.98, p = 0.017). In contrast, no significant differences were 

found among feeding guilds in relation to isolation (H(2) = 5.86, p = 0.12) or urbanization (H(2) = 

1.13, p = 0.77). Further, the dispersal ability of the arthropod species showed no significant 

association with AWM across mowing (H(2) = 5.4, p = 0.25), isolation (H(2) = 7.82, p = 0.10), or 

urbanization (H(2) = 3.25, p = 0.52). The stratum use of the arthropods, grouped in undefined, 

soil, ground, herb, and tree/shrub layer, were also associated with the AWM along the measured 

environmental gradients (Fig. 4). For the mowing gradient, a significant difference among stratum 

use was detected (H(2) = 33.78, p < 0.001). Specifically, ground-dwelling species exhibited 

significantly higher AWM values compared to species in the herb layer (z = -5.78, p < 0.001) and 
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undefined species (z = -2.92, p = 0.018). A slight difference could be found for isolation (z = 7.94, 

p = 0.047), whereas none between the categories for the p-adjust value. In contrast, no significant 

differences were found among stratum use in relation to urbanization (H(2) = 7.5, p = 0.058). 

 

Figure 4: Stratum use with the abundance-weighted mean (niche optimum) of mowing (applied 

management of previous year of sampling), isolation (buffer 100m), and urbanization (buffer 100m) for 545 

arthropod species within the focal groups of Araneae (square), Cicadina (triangle), Coleoptera (circle), 

Heteroptera (star), Opiliones (square with x), and Orthoptera (circle with x), showing losers (red), neutrals 

(black), and winners (green). Urbanization AWM is square-root, and mowing AWM is log-transformed.  
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DISCUSSION 

In this study, we investigated 249 urban greenspaces across the three German cities, Bamberg, 

Darmstadt, and Göttingen, to explore species-specific responses of arthropods and plants along 

the environmental gradients of mowing, isolation, and urbanization. Across these sites, we 

recorded 342 plant species and 667 arthropod species from key groups, including Araneae, 

Cicadina, Coleoptera, Formicidae, Heteroptera, Opiliones, and Orthoptera. Using a quantitative 

niche model following Chisté et al. (2016), we assessed how species respond to variations in 

land management and habitat connectivity with their abundance-weighted means (niche optima) 

and classify if they emerge as losers, winners, or neutrals. The quantitative niche model goes 

beyond descriptive observations and connects species' responses to measurable environmental 

gradients, which were depicted for mowing following the mowing intensity of Hartlieb et al. (2024), 

for isolation from the calculated degree of isolation, which indicates how far a sampled meadow 

is separated from other nearby meadow habitats, and for urbanization from the calculated degree 

of urbanization, which describes the extent of the surrounding sealed or built-up areas. These 

environmental gradients can favor specialist species (winners) or neutrally affect generalists with 

flexible ecological requirements and broad niches (neutrals). Conversely, it can also 

disadvantage mostly already rare species with narrow niches whose needs are no longer met 

(losers) (Busch et al., 2019; Chisté et al., 2018; Clavel et al., 2011). 

This study revealed that although most species responded neutrally to mowing, urbanization, and 

isolation, group-specific patterns emerged. Orthoptera had the highest proportion of losers 

species, whereas Formicidae had the highest proportion of winners. For plants, there were twice 

as many losers as winners. Mowing intensity was identified as the most harmful factor, with the 

highest number of species negatively affected and fewest benefitting for both arthropods and 

plants. This is consistent with previous research showing that frequent mowing disrupts 

vegetation structure and homogenizes habitat complexity (Gossner et al., 2016; Socher et al., 

2013). Particularly dependent species, such as herbivorous arthropods, are sensitive to mowing 

because the mechanical disturbance deprives them of food resources (Chisté et al., 2016, 2018). 

In contrast to mowing, urbanization accounted for the most winner species, highlighting that some 

species have already adapted to these urban habitats (Johnson & Munshi-South, 2017). These 

winners included, for example, the ant species Lasius niger, most commonly found on our plots, 

which is, in general, the most common ant in Central Europe and very adaptable. The effect of 

habitat isolation accounted for the fewest losers, highlighting that other green habitats, except 

from meadows, can be suitable corridors, stepping stones, or even buffer zones for arthropods 

and plants (Spotswood et al., 2021). 

When comparing our results with the conservation statuses on the German Red List, we however 

saw, that plant species already under higher threat were significantly more sensitive to isolation, 
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highlighting the need to conserve connecting valuable meadow habitats in urban areas (Ignatieva 

et al., 2011). Conversely, short- and long-term population trends showed for mowing and 

urbanization that already decreasing populations of plant species are found under lower niche 

optima, as they would rather not be able to cope with more intense pressure. This underlines the 

importance of reducing mowing intensity and increasing structural heterogeneity in urban 

grassland areas. Therefore, such comparisons with the Red List provide important conclusions 

for preserving species.  

Further, the results of the arthropods were compared with the species-specific traits, which serve 

as a powerful explanation for species' responses to environmental gradients (Gossner et al., 

2015). Interestingly, dispersal ability did not predict species' response to environmental gradients. 

This suggests that dispersal alone cannot offset human pressure in urban landscapes. For the 

body size of arthropods, we found that larger species struggle with high-intensity mowing 

practices and the effects of urbanization. In addition, herbivorous species were particularly 

sensitive to mowing. As mentioned above, this may be due to the loss of food sources. This is 

further reflected by the observation that arthropods inhabiting the herb layer encounter greater 

challenges during mowing than their ground-dwelling counterparts. These findings show that 

urban environments can filter species and that mowing exerts greater pressure than habitat 

fragmentation, as seen with moths in Sanetra et al. (2024). Thus, the most efficient and feasible 

option for arthropods in urban areas is the extensification of mowing. 

This study is part of understanding how we can design cities as landscapes of value to 

biodiversity and people (Kremen & Merenlender, 2018). It is evident that the sealing of surfaces 

is irreversible in the majority of cases. However, it is important to acknowledge that many areas, 

perhaps not as readily apparent to humans, are of value as habitats for plants and arthropods 

.
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Synopsis 
Grasslands are among the most biodiverse habitats in the world but are increasingly threatened 

by intensive land use and urbanization. To develop conservation strategies that reconcile 

biodiversity protection with human land use interests, it is essential to understand the impacts of 

intensive land use and environmental gradients on biodiversity. This cumulative doctorate thesis 

examines the ecological effects of key land use practices - mowing, fertilization, grazing, and 

habitat isolation - focusing on plant and arthropod communities. Here, the findings from four 

research studies conducted within the Biodiversity Exploratories and the BioDivKultur project are 

synthesized and provide a comprehensive assessment of the impact of different management 

strategies on the biodiversity of grassland and urban greenspaces.  

1. The importance of collaboration, interdisciplinarity, and transdisciplinarity in 

grassland research 

Effective biodiversity conservation in grasslands requires an interdisciplinary and 

transdisciplinary approach that integrates ecological, socio-economic, and cultural perspectives. 

While interdisciplinary research integrates multiple academic disciplines to develop 

comprehensive ecological insights, transdisciplinary research extends beyond academia, 

incorporating the perspectives and expertise of land managers, policymakers, and local 

communities. 

This article explores the significance of collaboration in grassland research, using two key 

German research projects, the Biodiversity Exploratories and the BioDivKultur project, as case 

studies. Both projects demonstrate how interdisciplinary collaboration between ecologists, social 

scientists, and transdisciplinary collaboration between science and non-academic stakeholders 

enhance biodiversity conservation. This approach fosters knowledge exchange and integrates 

scientific research with practice-oriented solutions.  

The Biodiversity Exploratories, a large-scale long-term initiative, investigate biodiversity and 

ecosystem functions across land use gradients and provide robust ecological datasets focusing 

on long-term ecological trends. The BioDivKultur project examines the effects of mowing on 

grassland arthropods, integrating ecological, social, and practical perspectives. To ensure that 

the research results are well implemented into conservation strategies, knowledge transfer and 

the involvement of stakeholders from the outset are of great importance. 

Furthermore, the difficulties of interdisciplinary and transdisciplinary research arediscussed, as 

well as its contribution to a more holistic understanding of the conservation of biodiversity in 

grassland ecosystems by the needs of human land use. 
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2. Assessing mowing intensity: A new index incorporating frequency, type of machinery, 

and technique 

Mowing is a key driver of ecological change in grasslands, which influences biodiversity. 

However, conventional assessments of mowing intensity often rely solely on the frequency, i.e., 

the number of cuts, overlooking important mowing components as the type of machinery and the 

technique. This study introduces a novel compound mowing intensity index, M(i), which provides 

a more comprehensive and standardized approach to evaluate the ecological impacts of mowing 

on grasslands. 

Using data from 150 grassland plots within the Biodiversity Exploratories, continuously monitored 

since 2006, this study gives an overview of mowing components and their applied practices. 

Drawing from an extensive literature review covering plants, birds, amphibians, reptiles, 

mammals, and particularly arthropods, the group most extensively studied in relation to mowing 

practices, we established a systematic ranking of different mowing techniques based on their 

impact on meadow-dwelling species.  

Using this foundation, we developed M(i) as a compound mowing intensity index that quantifies 

site-specific mowing intensity, integrating four key mowing components: mowing frequency, 

machinery type, cutting height, and conditioner usage. Incorporating multiple mowing 

components, the proposed index surpasses previous single-variable approaches by offering a 

continuous and nuanced measurement of mowing intensity. Higher M(i) values indicate mowing 

practices more detrimental to biodiversity, whereas lower values represent more biodiversity-

friendly approaches. Through this refined approach, M(i) facilitates improved assessment of 

mowing effects on meadow-dwelling species and ecosystem processes.  

The study demonstrates that increasing mowing intensity correlates with higher fertilization and 

lower grazing intensity. Additionally, a higher mowing intensity leads to declines in plant and 

arthropod species richness, which underlines the detrimental effects of mowing.  

In the next step, this index can be integrated into calculations for land use intensity assessments, 

such as the land use intensity index (LUI) for fertilizing, grazing, and mowing. Further, the mowing 

intensity index M(i) serves as a valuable tool for farmers, policymakers, and conservationists to 

assess land use intensity and guide sustainable mowing practices that balance agricultural 

productivity and biodiversity conservation. 

3. Losers and winners: Responses of grassland arthropods to land use components 

The third study investigates how grassland arthropods respond to different land use components, 

including the intensity of mowing, fertilizing, and grazing. By examining their niche optima, it 

categorizes species as winners, neutrals, or losers in response to varying land use intensities. 

Over eleven years (2008-2018), a large dataset of 214,416 individuals across 1352 species of 
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Araneae, Coleoptera, Hemiptera, and Orthoptera was collected from 150 grassland plots across 

three regions of Germany within the framework of the Biodiversity Exploratories. Using a 

quantitative niche model, the study evaluates the effects of these land use components on 

arthropod abundance and distribution.  

The study reveals significant variability in species responses, showing twice as many loser 

species as winner species overall, emphasizing certain species' vulnerability to land use 

intensification. Mowing and fertilizing were identified as the most detrimental components of 

grassland management. Mowing resulted in the fewest winners (10.6%), while fertilization led to 

the most losers (37.4%). Neutral responses accounted for 63.5 % of the species and thus 

dominated the results. This suggests that adaptive traits or broad niches buffer certain species 

against moderate land use intensities. Further results reveal that grazing supported smaller 

species, while mowing and fertilizing favored larger species. Herbivorous arthropods, in 

particular, showed an increased sensitivity to fertilization. Comparisons with Red List categories 

indicated that species affected by mowing often had lower niche optima and were at a higher risk 

of decline. This is also reflected in the declining population trends of Red List species that are 

affected by mowing and fertilization.  

In summary, these results show that not all species respond in the same way, some thrive under 

intensive management while others decline. This highlights the importance of considering 

species-specific responses and their functional traits to detect how generalists and specialists 

are affected by land-use. This underlines the need for targeted conservation strategies that 

promote habitat heterogeneity and protect endangered species in order to promote biodiversity 

in grassland ecosystems ultimately. 

4. Nature in the City: The impacts of urbanization and mowing on arthropods and plants 

The final study investigates urban greenspaces as habitats for arthropods and plants, focusing 

on three environmental variables: mowing intensity, the isolation of meadow habitats, and the 

degree of urbanization indicated by sealed surfaces. By integrating a niche model approach, the 

study evaluates and categorizes species-specific responses and niche optima to these 

anthropogenic pressures as losers, winners, or neutrals. Therefore, 249 greenspaces with 

varying environmental gradients in three German cities were sampled. A total of 342 plant and 

667 arthropod species within the focal groups of Araneae, Cicadina, Coleoptera, Formicidae, 

Heteroptera, Opiliones, and Orthoptera were found.  

The findings show that results differ depending on the group, with Orthoptera revealing the 

highest proportion of losers, Formicidae the most winners, and plants exhibiting twice as many 

losers as winners. However, neutral responses were the majority across all groups, indicating 

the presence of many generalists in urban habitats. It was also found that mowing exerts greater 

pressure than habitat fragmentation. This is reflected in the comparisons of the traits of the 
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arthropods, which revealed that larger and herbivorous species are particularly sensitive to 

intensive mowing. A further comparison with the Red List indicated effects on already vulnerable 

species only in plants across all three environmental gradients. 

This study highlights the species-specific variation in anthropocentric environmental gradients 

affecting plants and arthropods. While habitat fragmentation is often permanent, the impact of 

urbanization is less significant, as seemingly adapted species can be found in urban areas. 

Mowing, however, presents a recurring and unpredictable disturbance. This emphasizes the 

importance of reducing mowing intensity and enhancing structural heterogeneity in urban 

grassland areas. 
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General Discussion 
With this dissertation, I wanted to contribute to a deeper understanding of how land use intensity 

influences biodiversity in both rural and urban grassland ecosystems. The results therefore aim 

to unravel the complex interactions between land use practices and ecological communities, to 

find practical solutions that reconcile human land use with the protection of biodiversity. 

Intensified land use may promote a few species that thrive under altered conditions, while others 

struggle to persist. Understanding these relationships between land use components and niche 

dynamics is critical for explaining species-specific responses. While the ecological understanding 

of biodiversity loss has advanced, translating these findings into effective conservation and land 

management strategies remains a significant challenge. It requires a broader discussion on key 

challenges and potential solutions, including socio-economic constraints, policy frameworks, and 

practical implementation barriers. This demands an integrative approach that incorporates 

interdisciplinary research, stakeholder engagement, and long-term commitments for more 

effective and sustainable conservation strategies to protect biodiversity in grassland ecosystems.  

Alternative Land Use Strategies 

Historically, Europe's semi-natural landscapes have been characterized by a delicate balance 

between human land use and ecological integrity. However, the loss of structural richness in 

these landscapes has resulted in a significant decline in insect populations in recent years, which 

underlines the urgent need for conservation-oriented management practices (Hallmann et al., 

2017; Seibold et al., 2019). 

As shown in Chapter 2, land use components are interrelated: fertilization intensity increases with 

mowing intensity, while grazing intensity decreases with more intensive mowing and fertilizing. 

This pattern reflects typical grassland management strategies, because grasslands with higher 

fertilization rates tend to have increased mowing intensity due to biomass production, while 

grazing reduces the need for frequent mowing as livestock naturally manage vegetation height 

and structure. This trend continues in Chapter 3, where niche models following Chisté et al. 

(2016) are applied to Araneae, Coleoptera, Hemiptera, and Orthoptera, assessing their niche 

optima along a land use gradient, which aligns with grassland management intensity. These 

correlations indicate that some species can adapt to both mowing and fertilization, while others, 

which do not occur in intensively mown meadows, benefit from grazing instead. These outcomes 

highlight how different management practices shape arthropod communities, favoring certain 

species while disadvantaging others. 

Further, the results of the Chapters 3 and 4 show that losers consistently outnumber winners 

across all land management components. These findings imply that more specialist species, with 

narrow habitat requirements and specific resource requirements, struggle with land use intensity, 
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than those that thrive and that rare species are particularly vulnerable. However, in general 

neutral responses dominate, suggesting generalist species with broad ecological tolerances, high 

dispersal abilities, and flexible feeding behaviors, cope well with medium management intensity 

and environmental gradients. Therefore, if management decisions are made very uniformly, this 

will drive habitat homogenization across several trophic levels, affecting not only arthropods but 

also vegetation structure, leading to an overall reduction in biodiversity (Gossner et al., 2016).  

This opens a fundamental debate in the field of biodiversity conservation about land-sharing 

versus land-sparing, two approaches that combine ecological protection and agricultural 

productivity. Land sharing promotes diverse and biodiversity-friendly practices on large 

agricultural landscapes, whereas land sparing advocates for more intensive production on 

smaller areas. The effectiveness of these approaches depends heavily on the specific context 

under study, as each approach has its own ecological and socioeconomic impacts (Kremen, 

2015). For example, for the same yield in grassland, land sharing means that significantly more 

land is needed with reduced mowing and fertilizing intensity. On the contrary, land sparing makes 

more grassland available for conservation next to intensively used grassland. 

However, a study by Simons & Weisser (2017) indicates however that grassland intensification 

is possible without biodiversity loss. Conservation strategies that promote habitat diversity, 

support low-impact management practices, and integrate ecological principles into land 

management can help strengthen the resilience of threatened species. These strategies offer a 

promising opportunity to maintain agricultural productivity and biodiversity in grassland 

ecosystems, thus ensuring a sustainable balance between human needs and environmental 

conservation.  

Since these strategies are not limited to rural grasslands alone, as seen in Chapter 4, these 

concepts can also be applied to urban areas and other managed greenspaces to help preserve 

urban biodiversity. Urban areas, though small in size compared to rural grasslands, can act as 

important refuges from intensive agriculture and pesticide use. These greenspaces, such as 

parks, commercial areas, and roadside verges, can support surprisingly high levels of 

biodiversity, particularly for pollinators and other arthropods (Bennett & Lovell, 2014). In addition 

to their ecological value, urban habitats bring nature into direct contact with a wider public, 

thereby promoting awareness, education and support for biodiversity conservation (Shwartz et 

al., 2013). This is important because public awareness serves as a crucial foundation for 

supporting measures. Urban biodiversity initiatives fulfil both ecological and societal functions by 

helping to integrate conservation science into everyday experience, as seen with the BioDivKultur 

project in Chapter 1.  

For practical applications, the literature review in Chapter 2 highlights key mitigation strategies 

for sustainable mowing, including reducing mowing frequency, maintaining rotational unmown 

refuge areas, increasing cutting height, and using less harmful machinery, such as bar mowers 
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and the non-usage of conditioners. Further, the negative effects of mowing can be mitigated by 

maintaining longer intervals between mowing events for recolonization (Berger et al., 2024). At 

the same time, reducing fertilization is equally essential to counter habitat homogeneity (Socher 

et al., 2013). Additionally, moderate and well-planned grazing can enhance habitat heterogeneity. 

Rotational grazing and mixed-pastures, which involves periodically moving livestock between 

pastures, promotes plant diversity and mimics natural grazing patterns, fostering a mosaic of 

vegetation structures that support a broad range of species (Teague & and Barnes, 2017). 

Additionally, incorporating native flowering plants enhances habitat suitability for various insect 

species by supporting agriculture (Isaacs et al., 2009). 

To implement all this alongside villages, there is the concept of multifunctional landscapes 

composed of lands used for multiple purposes, including agriculture, forestry, settlements, 

recreation, conservation and restoration. Those heterogenous mosaics of lands provide 

numerous ecosystem services while maintaining biodiversity (Naveh, 2001). By incorporating 

holistic agroecological approaches such as agroforestry and mixed-species pastures, 

multifunctional landscapes can be effectively implemented by contributing to multiple sustainable 

development goals (SDGs) (Atapattu et al., 2024). If trees and shrubs or buffer zones are 

established around agricultural fields, important refuges for arthropods can be created, thereby 

securing food sources and microhabitats. Ecological corridors also play a crucial role in 

connecting fragmented habitats and enabling species movement and thus genetic exchange 

(Rosenberg et al., 1997). 

However, these measures will be ineffective without reducing land consumption, as 

approximately 30% (calculated from Fig. GI2) of global land is currently needed for animal feed 

and pasture. Without reconsidering meat and dairy production, biodiversity loss will continue. A 

shift toward a plant-based diet, especially in high-consumption countries, could ease ecosystem 

pressure and enable more sustainable land-use practices (Sabaté & Soret, 2014). 

The Need for a Holistic Approach to Biodiversity Conservation in Grasslands 

Despite the increasing awareness of the global decline in biodiversity, conservation efforts to 

address the scale of the crisis remain insufficient. Now nearly forty years have passed since the 

term "biodiversity" was first introduced (Wilson, 1988), and it is three decades later since the 

Convention on Biological Diversity (CBD) in 1992 made biodiversity a central focus of global 

environmental policy. The debates about land use and conservation strategies are still continuing 

(Young et al., 2005). Although public awareness of biodiversity has increased, biodiversity 

conservation is often still treated as a secondary issue rather than an urgent global priority 

(Novacek, 2008). A change of perspective is needed to recognize biodiversity as a cornerstone 

of ecological stability, economic resilience, and human well-being. 
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Grasslands are essential for global biodiversity and the provision of key ecosystem services such 

as pollination and carbon sequestration (Bengtsson et al., 2019). Yet, they remain one of the 

most threatened and underrepresented ecosystems in global conservation policies. Temperate 

grasslands, in particular, are the least protected of all terrestrial biomes, with only 4.5% currently 

under protection, and are being lost at a rate more than eight times faster than they are being 

conserved (Carbutt et al., 2017). This ongoing decline undermines their ecological functionality 

and threatens long-term ecosystem resilience. To ensure the long-term sustainability of 

grasslands, it is of importance to balance conservation efforts with land use demands. 

Understanding how different management practices impact biodiversity and ecosystem functions 

is key to developing sustainable strategies that support both agricultural productivity and 

ecological integrity. Research highlights the need for adaptive management approaches that 

preserve ecosystem services while ensuring economic viability for land users (Tscharntke et al., 

2012). However, the issue is not only about ecological understanding, it is closely linked to 

competing interests, cultural values, historical contexts, policy frameworks, and sustainability 

goals. In urban areas, for example, the most common type of green space is still short-cut lawn 

(Ignatieva et al., 2015). 

Given the urgent need to protect and restore grassland ecosystems, we must develop strategies 

that protect biodiversity, support resilient agricultural systems, and strengthen rural livelihoods 

while improving the resilience of landscapes and ecological communities. This challenge of 

balancing human needs with ecological sustainability requires the integration of traditional 

knowledge with modern ecological research and political factors. Therefore, a holistic approach 

that integrates interdisciplinary and transdisciplinary research is essential for developing effective 

and sustainable land-use strategies and fostering stakeholder collaboration. As shown in Chapter 

1, interdisciplinary research provides a comprehensive understanding of how land-use practices 

affect biodiversity by combining ecology, humanities, and social sciences. Research emphasizes 

the importance of interdisciplinary approaches, as they promote knowledge exchange, boost 

scientific productivity, and stimulate innovation, leading to more impactful and comprehensive 

findings (Ledford, 2015; Petersen, 2015). While traditional ecological studies provide valuable 

insights into biodiversity dynamics, they often lack the broader socio-economic and cultural 

context necessary for effective conservation planning. By integrating different perspectives, such 

collaborations enhance both social and scientific impact and ultimately improve biodiversity 

conservation and ecosystem management (Bennett et al., 2017).  

Transdisciplinary approaches take this a step further and go beyond interdisciplinary research 

and academic boundaries by actively engaging stakeholders beyond academia and involving 

those directly affected by land use decisions, such as land managers, policymakers, and local 

communities, throughout the entire research process. The inclusion of different perspectives and 

practical expertises increases the effectiveness of conservation measures and ensures that 
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scientific findings are combined with practical implementation strategies so they can be 

economically viable and widely accepted (Meine et al., 2006). As a result, biodiversity 

conservation becomes a collective societal responsibility rather than solely an academic 

endeavor (Jolibert & Wesselink, 2012). 

Integrating Research into Policy and Conservation Action 

Given the complexity of biodiversity research in ecology, many scientific findings fail to be 

translated into actions (Hulme, 2014). Science plays a crucial role in providing recommendations 

and developing tools that facilitate the practical application of research findings, ultimately 

supporting policy implementation. One such tool, the Insect Calculator, developed within the 

BioDivKultur project, is particularly valuable for translating ecological findings into practice 

(https://insektentaschenrechner.de/). This tool estimates the number of insects in the user’s 

meadow based on the applied management practices and mowing methods. It offers two modes: 

a simple version for those who want to explore its functionality and a more advanced version for 

those working with detailed land use data. Its application ranges from raising awareness and 

training to informing management decisions with the goal to adjust mowing practices for 

arthropod protection. 

Additionally, the mowing intensity index, introduced in Chapter 2, serves as another valuable tool 

to assess mowing intensity of grasslands. It can also be further integrated into existing land use 

indices, for example the LUI (Blüthgen et al., 2012). If a threshold value is set, this index could 

be linked to subsidy programs for farmers to incentivize biodiversity-friendly mowing practices. 

As the formula can be adapted based on the available data on the mowing components, it also 

offers flexibility and, as shown in Chapter 4, these outputs also apply to urban contexts. 

The major problem is that economic constraints often discourage farmers and land managers 

from adopting biodiversity-friendly practices, particularly when they conflict with short-term 

productivity. To address this problem, policymakers must provide financial support and long-term 

incentives that align conservation efforts with economic realities. Agri-environmental schemes 

(AES) or, presently, agri-environment-climate measures (AECM) are a critical instrument 

provided by the European Union to support biodiversity conservation by financially rewarding 

farmers (Batáry et al., 2015). Farmers managing grassland are financially rewarded for 

implementing extensive mowing practices such as reduced mowing frequency and reduced 

grazing and fertilization intensity. However, result-oriented schemes based on ecological 

outcomes would offer greater flexibility and promote engagement while requiring user-friendly 

biodiversity assessment tools, education, and advisory services (Tasser et al., 2019). If targeted 

species are present on the meadow, such as those identified as losers in Chapters 3 and 4 or 

listed on the Red List, providing subsidies to support protection measures that mitigate the 

negative effects of land use practices would be beneficial. In this case, farmers can, depending 
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on the availability of species or depending on the weather, spontaneously incentivize AECMs as 

biodiversity-friendly practices such as reduced fertilization, rotational grazing, partial mowing, and 

the creation of refuges and ecological corridors to ensure that both plant and arthropod 

communities can dwell in managed landscapes. 

While scientific research provides essential insights, it alone cannot solve the problem of 

biodiversity loss in grasslands, effective government measures are necessary. Therefore, 

scientific research plays a crucial role in informing policies related to agri-environmental schemes 

through the Common Agricultural Policy (CAP), one of the world's most significant agricultural 

policies and the EU's longest-prevailing one. However, the European Commission has widely 

criticized and revised the CAP to address key sustainability issues and meet societal demands 

for improved environmental performance (Pe’er et al., 2019). Further, barriers such as 

inadequate training for ecologists in communication, policy engagement, and stakeholder 

collaboration persist. Overcoming these challenges requires participatory research methods, 

where practitioners actively shape research questions and methodologies (Cook et al., 2013). 

The Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services (IPBES) 

is a scientific body that can be appointed by any participating country and produces reliable, 

independent, and interdisciplinary assessments of the state of biodiversity and ecosystems 

worldwide. The findings and results, based on the work of world-leading experts, represent a 

significant wealth of knowledge and are published in various formats. They serve as the basis for 

negotiations in international environmental policy, such as the Convention on Biological Diversity 

(CBD). Integrated into international agreements and initiatives, they create a structured 

framework for coordinated action by establishing legal obligations for states to implement 

biodiversity measures.  

The CBD sets global biodiversity targets and has introduced important instruments such as the 

Nagoya Protocol. The Nagoya Protocol ensures equitable access to genetic resources and the 

fair sharing of benefits, particularly for biodiversity-rich countries and indigenous communities. It 

establishes legal frameworks that protect traditional knowledge and incentivize the sustainable 

use of biological resources. However, its implementation has been widely criticized by the 

scientific community for creating complex administrative barriers that hinder non-commercial 

research and international data sharing, thereby potentially undermining efforts in global 

biodiversity monitoring, climate research, and microbial studies (Prathapan et al., 2018). 

Another milestone, in response to the COP 15 negotiations in 2022, was the EU Biodiversity 

Strategy for 2030, which committed the EU to protect 30% of its land and restore degraded 

ecosystems in response to the COP 15 negotiations in 2022. Despite their ecological importance, 

temperate grasslands remain among the least protected ecosystems worldwide, with only 4.5% 

of them being protected (Carbutt et al., 2017). This striking discrepancy highlights the relevance 

of the 30x30 target and underscores the need to prioritize underrepresented biomes like 
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grasslands. To achieve significant progress, not only must protected areas be expanded, but 

grassland conservation must be fully integrated into national biodiversity strategies to protect 

endangered species and the essential ecosystem services they support. 

Additionally, the United Nations Sustainable Development Goals (SDGs), in particular Goal 15 

(“Life on Land”), emphasize biodiversity conservation as a global priority by calling for urgent 

action to protect, restore, and promote the sustainable use of terrestrial ecosystems. Therefore 

integrating biodiversity considerations into national policies and international cooperation, we can 

contribute to a future in which large-scale biodiversity restoration is reconciled with broader socio-

economic and environmental goals. 

A Prospect on (Grassland) Research 

A multi-level approach to grassland research is essential to achieve truly sustainable land use. 

Grasslands, critical biodiversity hotspots and providers of key ecosystem services, are 

particularly vulnerable to land-use intensification (Pyke & Boyd, 2023). As explained in Chapter 

1, this is why projects like the Biodiversity Exploratories are immensely important. It is Europe's 

largest long-term and collaborative research initiative, which brings together numerous 

researchers to study grassland ecosystem processes (Fischer et al., 2010). Their extended 

duration allows for comprehensive data collection, long-term ecological monitoring, and deeper 

insights into biodiversity dynamics, land use impacts, and ecosystem functioning. By providing a 

stable research framework, which can also serve as important information bases for political 

decisions, as the necessity of political action is crucial for biodiversity. Since, such projects 

contribute to evidence-based conservation strategies beyond short-term studies' limitations 

(Lindenmayer et al., 2012). However, for researchers, fixed three-year contracts are still the 

norm. Consequently, they often struggle with job insecurity and fragmented project outcomes, 

making long-term impact harder to realize (Guidetti et al., 2022). This structural limitation creates 

challenges for long-term, integrative research, as short funding cycles often hinder the continuity 

and depth required for long-term analysis on the impact of ecosystem dynamics.  

Like many research initiatives, the BioDivKultur project, undoubtedly an exceptional case in terms 

of community-driven output, is limited to a funding period of only three years. While conventional 

research projects might fit within these timeframes, interdisciplinary and transdisciplinary 

approaches demand extended engagement with multiple stakeholders, iterative adaptation, and 

sustained knowledge exchange, which are difficult to achieve within short-term periods (see for 

a discussion of the obstacles Chapter 1). Ensuring that such interdisciplinary and 

transdisciplinary projects receive extended support is crucial for translating scientific findings into 

lasting ecological and societal benefits. This is an effective method for raising awareness of the 

while enhancing the chance of gaining support. 
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As exemplified by the two key projects mentioned, these approaches have primarily been applied 

at local and regional levels. While they offer valuable insights into the ecological effects of land 

use intensity and biodiversity-friendly management to specific regional contexts, there is an 

increasing need to expand research to national and international scales (Wagner et al., 2015). 

Grassland research and management must transcend national borders to address global 

challenges of scaling solutions, sharing expertise, and ensuring equitable participation in 

scientific advancements. Integrating local conservation efforts with broader policy frameworks, 

scientific collaboration, and global biodiversity commitments can enhance the effectiveness and 

sustainability of grassland management. This requires an inclusive approach that ensures the 

participation and empowerment of all regions, particularly underrepresented regions, like those 

in the Global South (Obura et al., 2021). Grasslands in these areas often face the greatest 

pressures from climate change, land degradation, and socio-economic factors, yet they are 

critical for biodiversity, food security, and livelihoods. Richer countries, with greater resources 

and technological advances, are responsible for supporting the Global South through knowledge 

sharing, financial assistance, and capacity building. Such collaborations have worldwide benefits, 

fostering innovation and enhancing global understanding of grassland ecosystems while 

ensuring solutions are co-developed, context-specific, and respectful of local knowledge and 

needs. Besides local residents, it is also important to integrate Indigenous knowledge, ensuring 

that traditional ecological insights complement scientific approaches for more sustainable and 

culturally inclusive solutions (Gadgil et al., 1993). These efforts ensure that the benefits are 

distributed equitably and that no region is left behind in the quest for sustainable grassland 

management. 

Data sharing is important for advancing grassland research on a global scale. Adhering to FAIR 

principles (Findable, Accessible, Interoperable, Reusable) ensures that data can be seamlessly 

integrated into diverse studies (Wilkinson et al., 2016). Collaborative platforms with usability 

through standardized methodologies enable meaningful comparisons across studies, 

strengthening a joint, global infrastructure for biodiversity assessment (Guralnick et al., 2007).  

When research pursues a shared vision for the future, it fosters collective efforts to address the 

complex, interconnected challenges facing worldwide grasslands, ultimately strengthening 

resilience and sustainability globally. 
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Conclusion 
This dissertation aims to contribute to a better understanding of the impacts of grassland 

management to identify effective strategies for biodiversity conservation. Thereby, four studies 

investigating the impact of human land use on grassland biodiversity, focusing on arthropods and 

plants, were carried out as part of the projects BioDivKultur and the Biodiversity Exploratories. 

The findings take a highly practical approach of developing of applicable solutions, with a strong 

emphasis on both interdisciplinary and transdisciplinary collaboration. As ecological research 

alone is insufficient, the importance of collaboration within and between scientific disciplines as 

well as non-academic stakeholders is highlighted to find common solutions to the biodiversity 

crisis. However, to implement globally meaningful and lasting actions, such cooperation must 

continue across projects and their time frames and, in the next step, transcend national 

boundaries. Local and indigenous communities, as well as actors from the global South, must be 

part of the process. These groups are usually the most affected by the biodiversity crisis, while 

wealthier nations tend to benefit disproportionately from intensive land use. As such, it is now the 

responsibility of the beneficiaries to share resources, knowledge, and technologies.  

To meet global human needs, we need productive grasslands and biodiversity to ensure our 

survival. This is why scientific tools like those presented in this thesis are necessary to calculate 

human impacts on grassland ecosystems. For example, a mowing index provides information on 

the intensity of management and its impact on grassland species. In subsequent chapters, niche 

models have been applied, using species assessments to demonstrate the effect of 

management. The fact that more species suffer than benefit shows that intensive management 

tends to favor generalists while disadvantage specialists. This underscores the importance of 

providing many niches as diverse habitat patches with differing management approaches and 

intensities to support a wide range of species. However, such biodiversity-friendly practices must 

be economically viable. Farmers who implement these diverse and sustainable approaches must 

be subsidized if they suffer yield losses. As a result, a highly flexible system is needed to allow 

land managers to adapt their management practices to changing circumstances, such as climate 

variability. 

Therefore, the future conservation of grasslands depends on our collective ability to integrate 

diverse knowledge systems, promote sustainable practices, and incorporate biodiversity into 

policy and land-use decisions. This ensures that we can balance human management with 

biodiversity so that grasslands continue to support ecological integrity and human well-being. 
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