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Abstract 19 

1. Land use change can cause the loss of plant species and functional diversity, but whether it 20 

drives eco-evolutionary changes within plant species is unclear. 21 

2. Semi-natural grasslands are particularly threatened by land use change, including 22 

management intensification on productive soils and abandonment on marginal land. As such, 23 

they serve as an excellent system for exploring if and how land use change causes 24 

evolutionary changes within plant populations and what their wider consequences could be. 25 

3. Here we synthesise what is known about land use impacts at the plant community and 26 

ecosystem level, build predictions on potential evolutionary responses and review empirical 27 

evidence available to date. We predict that land use intensification and abandonment may 28 

cause genetic and functional shifts in grassland plant populations, disrupt plant-microbial 29 

associations and create eco-evolutionary feedbacks that impact wider ecosystem processes. 30 

Evolutionary responses to land use may also undermine the adaptive potential of plant 31 

species to future climate change. 32 

4. Synthesis: This review highlights the lack of studies on eco-evolutionary dynamics in 33 

ecosystems under land use change, despite their potential importance for the functioning and 34 

stability of plant and soil communities and the ecosystem processes that they maintain.  35 
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Introduction 36 

Land use change is a major factor driving biodiversity loss and the erosion of 37 

functioning in ecosystems worldwide (Laliberté et al., 2010; Allan et al., 2015; Felipe-Lucia 38 

et al. 2020). In plant communities, shifts in land use affect ecological dynamics by modifying 39 

the availability of key resources (such as soil nutrients; reviewed by Suding et al., 2005; 40 

Schils et al., 2022), changing the area and connectivity of habitats (reviewed by Eriksson et 41 

al., 2002; Cousins, 2009), and altering species composition (reviewed by Gerstner et al., 42 

2017). While it is well known that land use change has major impacts on the diversity and 43 

composition of plant (Kull & Zobel, 1991; reviewed by Suding et al., 2005; Schils et al., 44 

2022) and soil communities (de Vries et al., 2012a, 2012b; Tsiafouli et al., 2015), it is only 45 

recently that evidence has emerged to suggest that long-term land use change can also 46 

generate evolutionary shifts within plant populations (Odat et al., 2004; Helm et al., 2009; 47 

Pluess, 2013; Völler et al., 2013, 2017; Aavik et al., 2019). Moreover, land use change may 48 

also disrupt the plant-microbial interactions that underlie key soil functions, such as carbon 49 

and nutrient cycling (Donnison et al., 2000; Legay et al., 2014; Thion et al., 2016; Huang et 50 

al., 2019; Pichon et al., 2020). Despite these advances, the prevalence and wider 51 

consequences of eco-evolutionary changes in plant and microbial systems during land use 52 

change for biodiversity and ecosystem functioning remain unknown. 53 

Semi-natural grasslands are unique biodiversity hotspots that provide essential 54 

ecosystem services, such as sustaining soil fertility and water quality (Heidenreich, 2009; 55 

Bengtsson et al., 2019; Lange et al., 2021) and mitigating the effects of climate change (De 56 

Deyn et al., 2011; O’Mara, 2012; Bengtsson et al., 2019). These ecosystems are particularly 57 

threatened by recent changes in land use (Strijker, 2005; Silva et al., 2008; Sollenberger et al., 58 

2019) and can therefore serve as model systems to explore the potential impact of land use 59 

change on eco-evolutionary dynamics within plant species as well as its wider consequences 60 
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for ecosystem functions and resilience to climate change. Semi-natural grasslands have been 61 

shaped by centuries of human activity; typically, they have been grazed by livestock at low 62 

intensities and/or cut for hay (which is used for fodder; Bignal & McCracken, 1996; Eriksson 63 

et al., 2002). These practices maintain high plant species richness in environments that would 64 

otherwise be dominated by trees and/or shrubs (Wilson et al., 2012; Habel et al., 2013; 65 

Nerlekar & Veldman, 2020). 66 

Though semi-natural grasslands were once widespread, the area of these ecosystems 67 

has declined dramatically during the last century (especially in Europe, where they are of 68 

high conservation value; Poschlod & WallisDeVries, 2002; Ramankutty et al., 2008; Janišová 69 

et al., 2011). Vast areas of semi-natural grasslands on fertile soils have been subject to land 70 

use intensification (Estel et al., 2018), boosting productivity at the expense of plant species 71 

richness and ecosystem services (Diekmann et al., 2019). At the other extreme, grazing 72 

and/or mowing has been progressively abandoned on less fertile or poorly accessible 73 

grasslands, leading to plant community turnover (Poschlod & WallisDeVries, 2002; Poschlod 74 

et al., 2005; Strijker, 2005; Habel et al., 2013) and loss of below-ground biodiversity 75 

(Schrama et al., 2023) and soil multi-functionality (Peco et al., 2017).  76 

Here, we synthesize recent advances in our knowledge about land use intensification 77 

and abandonment in semi-natural grasslands. In doing so, our goal is to illustrate the potential 78 

for land use change to drive eco-evolutionary shifts in plant populations and their interactions 79 

with associated soil microbes. We also aim to highlight potentially important consequences 80 

for ecosystem functioning and the resilience of grasslands to future environmental change. 81 

First, we discuss how land use intensification and abandonment may generate genetic and 82 

functional changes in grassland plant populations. We then apply what is known about land 83 

use impacts on plant communities to make predictions about the potential directions of 84 

evolutionary change within plant populations. Next, we consider how this may disrupt plant-85 
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microbe associations, including with those microbes responsible for carbon and nutrient 86 

cycling. We then discuss how land use change may cause eco-evolutionary feedbacks that 87 

affect the adaptive potential of grassland plant populations to future perturbations, such as 88 

extreme weather events expected with climate change. With this review, we aim to inform 89 

future research and increase fundamental understanding of the eco-evolutionary responses of 90 

plant species to land use change.  91 

   92 

Predicting the impacts of land use change on genetic diversity and functional traits 93 

within plant species  94 

 Plants are known for their potential to locally adapt to natural variation in 95 

environmental conditions (reviewed by Hoeksema & Forde, 2008; Leimu & Fischer, 2008; 96 

Oduor et al., 2016; Rúa et al., 2016) as well as respond rapidly to the selective pressures 97 

imposed by global change factors (Lortie & Hierro, 2021; Delavaux et al., 2022; Santangelo 98 

et al., 2022). During land use intensification in grasslands, changes in resource availability 99 

are driven by the application of inorganic fertilisers and/or manures (Fig. 1). Following 100 

nutrient enrichment, plant growth and vegetation height increase and communities shift away 101 

from nutrient limitation and towards light limitation (Vojtech et al., 2007; Hautier et al., 102 

2009; Borer et al., 2014; Eskelinen et al., 2022). Higher intensity of grazing and/or mowing 103 

may occur alongside fertilisation. During grassland abandonment, cessation of grazing and/or 104 

mowing (Fig. 1) also results in increased vegetation height and light limitation and is 105 

accompanied by litter accumulation and the encroachment of woody species over time 106 

(reviewed by Ratajczak et al., 2012). In both intensified and abandoned grasslands, these 107 

environmental changes may impose new selective pressures and generate evolutionary 108 

changes in plant populations (Fig. 1).  109 



 

6 
 

Empirical studies in semi-natural grasslands suggest that land use intensification and 110 

abandonment can result in: i) genetic differentiation among plant populations (Snaydon & 111 

Davies, 1982; Völler et al., 2017); ii) changes in genetic diversity within or among 112 

populations (Odat et al., 2004; Silvertown et al., 2009; Stöcklin et al., 2009; Busch & Reisch, 113 

2016); and/or iii) shifts in plant traits/phenotypes among populations (Snaydon, 1970; 114 

Snaydon & Davies, 1972; Davies & Snaydon, 1974, 1976; Lindborg et al., 2005; Völler et al., 115 

2012, 2013). However, for almost every aspect of the response of grassland plants to land use 116 

change, our knowledge of how communities react exceeds our awareness of the changes that 117 

occur within species (Fig. 2 & Table S1). Furthermore, for some important plant traits that 118 

could be affected by land use change, such as root exudation and disease resistance, few or no 119 

studies currently exist, highlighting the need for additional research. 120 

 121 

Genetic diversity within plant populations during land use change 122 

In semi-natural grasslands, declines in plant genetic diversity during land use change 123 

are expected to occur due to reduced local population sizes (reviewed by Honnay & 124 

Jacquemyn, 2007) in parallel with habitat loss and fragmentation at the landscape level 125 

(reviewed by Picó & van Groenendael, 2007). Land use intensification reduces the local 126 

population sizes of grassland specialist species adapted to low soil nutrient levels (reviewed 127 

by Suding et al., 2005; Laliberté et al., 2010; Habel et al., 2013; Dengler et al., 2014; Schils et 128 

al., 2022) as these species are replaced by populations of fast-growing species that are better 129 

able to utilize nutrient additions (Craine et al., 2001; Louault et al., 2005; van Diggelen et al., 130 

2005; Díaz et al., 2007; Doležal et al., 2018). Similarly, abandonment reduces the local 131 

population sizes of grassland specialists as they are replaced by encroaching species (Bakker 132 

et al., 1980; Willems, 1983; Lindborg et al., 2005; Johansson et al., 2008; Lehtilä et al., 133 

2016), resulting in genetic bottlenecks and increasing the effect of genetic drift (Busch & 134 
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Reisch, 2016; Lehmair et al., 2020). In regions where grassland management has been 135 

abandoned at a landscape scale, loss of connectivity impedes gene flow between populations, 136 

further reducing within-population genetic diversity (Prentice et al., 2006; Honnay et al., 137 

2007; Helm et al., 2009; Aavik et al., 2019; Lehmair et al., 2020; Pagel et al., 2020; Reinula 138 

et al., 2021). 139 

Few empirical studies have quantified changes in population genetic diversity in 140 

response to land use change, rendering predictions challenging (reviewed by Pluess, 2013). 141 

While negative effects on genetic variation have been found in some populations undergoing 142 

intensification or abandonment (relative to extensively managed counterparts; Busch & 143 

Reisch, 2016), positive effects on genetic and phenotypic diversity have been reported in 144 

others (for intensification effects see Silvertown et al., 2009; Völler et al., 2013; 145 

abandonment effects in Träger et al. 2021). 146 

The effect of specific land use changes on genetic diversity within species could 147 

depend on species’ traits. Slow-growing species typically experience strong declines in 148 

population size during land use change (which may reduce genetic diversity), while 149 

populations of fast-growing species should remain stable or increase; however, evidence is 150 

scarce to test this relationship. The speed of genetic diversity loss may also vary among 151 

species, with annual and short-lived plants reacting quicker than long-lived perennials (Epps 152 

& Keyghobadi, 2015; Reinula et al., 2021), potentially increasing variability in population-153 

level responses to land use change. 154 

Empirical evidence demonstrates that there is generally no correlation between 155 

grassland species richness and genetic diversity of specialist grassland plants (Odat et al., 156 

2010; Reisch & Schmid, 2019; Reisch & Hartig, 2020). This could occur if the effects of land 157 

use change on plant populations versus species richness are driven by different factors and/or 158 

occur at different spatial and temporal scales. Population genetic diversity is predominantly 159 
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influenced by population size and habitat connectivity as well as environmental selection 160 

(Leimu et al., 2006). In contrast, species richness at a grassland site is largely defined by 161 

macroevolutionary processes that led to a particular set of species being adapted to its’ given 162 

environmental conditions; a set which is then modified by local dispersal and species 163 

interactions (i.e., species pool theory; Taylor, 1990; Zobel, 1997, 2016). In addition, species 164 

richness may respond to habitat loss and management abandonment with considerable time 165 

lags, leading to extinction debt (Hanski & Ovaskainen, 2002; reviewed by Eriksson et al., 166 

2002; Cousins, 2009; Kuussaari et al., 2009; Saran et al., 2019). Reductions in genetic 167 

diversity are likely to occur more rapidly (although lagged responses have also been 168 

observed, e.g., Münzbergova et al., 2013; Aavik et al., 2019). Thus, we cannot rely on 169 

community-level observations of species loss to predict changes in species’ genetic diversity. 170 

To make generalisations, additional studies that quantify genetic variation in plant 171 

populations under land use change are needed. 172 

 173 

Heritable shifts in functional traits within plant populations undergoing land use change 174 

 Land use change can cause directional shifts in a wide range of plant phenotypic traits 175 

(Fig. 2). However, our knowledge and mechanistic understanding of intraspecific trait shifts 176 

under land use change is limited. This is because trait patterns observed in the field may be 177 

caused by genetic effects as well as epigenetic effects (Richards, 2011; Jablonka, 2017; 178 

Cavalli & Heard, 2019), which can be heritable (e.g., maternal effects; Roach & Wulff, 1987) 179 

or transient, such as in the case of phenotypic plasticity (i.e., the ability of a genotype to 180 

produce variable phenotypes; reviewed by Sultan, 2000; Callaway et al., 2003; Fig. 1). Below 181 

we present predictions regarding potential evolutionary trait shifts in response to land use 182 

change based on what we know about trait changes at the plant community level. We also 183 

review existing evidence at the population level. We predict that land use change can result in 184 



 

9 
 

functional shifts within two broad categories of traits: (1) traits related to resource acquisition 185 

versus defence and (2) reproductive traits. While shifts in traits related to resource acquisition 186 

and tissue defence can alter ecological interactions with consequences for ecosystem 187 

functions, changes in reproductive traits could be important for population persistence by 188 

determining the rate of generation of new genetic variants and hence adaptive potential.  189 

 190 

(1) Evolutionary shifts in traits related to resource acquisition and defence 191 

The plant economics spectrum describes a range of variation in plant growth strategies 192 

where plants can either maximize growth rate and resource acquisition (characterized by high 193 

specific leaf area and high tissue nitrogen content) or invest in tissue protection (resulting in 194 

increased tissue density; Wright et al, 2004; Weigelt et al., 2021); this is also known as the 195 

growth-defence trade-off (Coley et al., 1985; reviewed by Smakowska et al., 2016; Monson 196 

et al., 2021). Plant height forms another key axis of variation in plant growth strategies, 197 

reflecting competitive ability for light and dispersal potential (Díaz et al., 2016).  198 

Light limitation in the dense vegetation characterizing fertilised and abandoned 199 

grasslands causes shifts in plant species composition along these trait axes. Intensive land use 200 

favors the dominance of tall plant species with resource-acquisitive traits, such as fast 201 

growth, higher nitrogen content, and reduced tissue dry matter content and longevity (Fig. 2; 202 

reviewed by Díaz et al., 2007; Craine et al., 2001; Garnier et al., 2007; Johnson et al., 2008; 203 

Chollet et al., 2014; Neyret et al., 2024). The encroachment of woody species after grassland 204 

abandonment also favors tall species with strategies of either shade avoidance or tolerance 205 

(Wahlman & Milberg, 2002; Kahmen & Poschlod, 2004; van Diggelen et al., 2005; Saar et 206 

al., 2012; Joyce, 2014; Neuenkamp et al., 2016; Nielsen et al., 2021).  207 

Based on these community-level observations, we predict that plant genotypes with 208 

traits enhancing competitive ability for light (such as increased stature, high tissue nitrogen 209 
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content, high specific leaf area, and fast resource acquisition) should become more dominant 210 

within plant species following land use intensification or abandonment (Fig. 2). Shifts 211 

towards more competitive traits should occur alongside reduced tissue protection (i.e., 212 

reduced leaf and root dry matter content), and hence higher susceptibility to abiotic and biotic 213 

stress. To date, the only study examining heritable changes in response to land use 214 

intensification in the form of controlled application of lime and fertilisers found support for 215 

enhanced competitive ability in fertilised populations expressed as increased plant height and 216 

biomass (Snaydon & Davies, 1972). However, limited heritable changes in height and 217 

biomass were detected in studies where fertilisation was accompanied by more intense 218 

mowing, which may have counteracted selection for higher stature and fast growth (Völler et 219 

al., 2013, 2017). 220 

 221 

(2) Evolutionary shifts in reproductive traits 222 

In grassland communities, intensified mowing favors early-flowering species (van 223 

Diggelen et al., 2005) while fertilisation and frequent mowing leads to reduced seed 224 

regeneration potential (Klaus et al., 2018). This suggests that land-use intensification can 225 

impose a selective pressure towards earlier-flowering and reduced seed reproduction within 226 

species. In agreement with this prediction, mowing and grazing intensification caused 227 

heritable shifts in flowering phenology away from the time of biomass removal in Bromus 228 

hordeaceous (Völler et al., 2013). More intense grazing reduced reproductive allocation (i.e., 229 

seed reproduction, seed mass, or seed number) in B. hordeaceous and four other grassland 230 

species (Völler et al., 2017). On the contrary, fertilisation alone caused a heritable shift 231 

towards higher allocation to seed production in Anthoxanthum odoratum (Snaydon & Davies, 232 

1972).  233 
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In abandoned grasslands, loss of grazer disturbance and increased litter accumulation 234 

also imposes selection on reproductive traits by reducing seed regeneration sites (reviewed by 235 

Pluess, 2013; Joyce, 2014; Jessen et al., 2023). This favors species with higher seed mass 236 

(Kahmen et al., 2002, Kahmen & Poschlod, 2004; Wehn et al., 2017), perennial growth 237 

(Pykälä, 2005; Johansson et al., 2011; but see Kahmen et al., 2002; Pluess, 2013), and clonal 238 

reproduction (Willems, 1983; Kahmen et al., 2002; Johansson et al., 2011; Weiss & Jeltsch, 239 

2015; but see Pluess, 2013; Joyce, 2014). In addition, impaired pollen and seed dispersal in 240 

abandoned landscapes further reduce the advantages of sexual reproduction and favors short-241 

distance dispersal (Johansson et al., 2011; Jacquemyn et al., 2012; Saar et al., 2012). 242 

However, the limited evidence available at the population level is mixed, as land use 243 

abandonment has been associated with reduced flowering frequency, seed number, seed mass 244 

and regeneration success in some studies (Musche et al., 2008; Fischer et al., 2011), but not 245 

in others (Lindborg et al., 2005).  246 

 247 

Predicting evolutionary change in plant-microbe interactions and plant-soil feedbacks 248 

during land use change 249 

 The environmental changes and habitat fragmentation that accompany land use 250 

transitions can shift plant-microbe interactions and modify soil microbial community 251 

composition and function (Fig. 3; Bissett et al., 2011; Lauber et al., 2013; Tsiafouli et al., 252 

2015; Mony et al., 2020, 2022). Shifts in soil microbial communities are caused by 253 

simultaneous changes in light and nutrient availability (de Vries et al., 2012a) and plant 254 

community composition (Johnson et al., 2003), as well as altered pathways of resource input 255 

to soil from plant litter and animal wastes (Schrama et al., 2023). We predict that land use 256 

change can also impose selective pressure on plant-microbial interactions and i) disrupt 257 
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mutualistic associations with key soil microbes, such as arbuscular mycorrhizal (AM) fungi; 258 

ii) increase pathogen pressure; and iii) modify plant-soil feedbacks.   259 

 260 

Disruption of mutualistic plant-microbial associations during land use change 261 

 Arbuscular mycorrhizal fungi colonize the roots of the majority of grassland plant 262 

species and provide a range of benefits to plant hosts, including increased nutrient uptake, 263 

pathogen protection, and abiotic stress resistance, in exchange for plant-assimilated carbon 264 

compounds (Smith & Read, 2008; reviewed by Delavaux et al., 2017). Nutrient enrichment 265 

and shading can increase the costs and decrease the benefits of being mycorrhizal to the point 266 

that such symbiosis can be considered parasitic for plants (Johnson et al., 2010, 2015). It can 267 

therefore be predicted that high soil nutrient availability in fertilised grasslands and carbon 268 

limitation caused by shading in abandoned grasslands can render carbon investment into AM 269 

fungi less beneficial and favour plant genotypes with weaker reliance on AM fungal 270 

associations for nutrient supply (Fig. 3; Johnson et al., 2008, 2010; Revillini et al., 2016). In 271 

addition, the encroachment of shrub and/or tree species that associate with ectomycorrhizal 272 

(EM) fungal species can lead to further declines in soil AM fungal abundance (Kalucka & 273 

Jagodziński, 2017; Neuenkamp et al., 2018) and potentially increase the selection pressure 274 

for genotypes with weaker AM fungal dependence.  275 

However, evolutionary shifts in plant-AM fungal associations under land use change 276 

may be complicated by additional impacts of defoliation (grazing or mowing) on carbon 277 

allocation to AM fungi (which are known to be highly variable; Gehring & Whitham, 2002; 278 

Barto & Rillig, 2010), dependency of fertilization effects on soil N:P ratios (Miller et al., 279 

2012) and multifunctionality of AM fungal benefits to the plant. In a global survey of 280 

grassland experiments, fertilisation did not affect root AM fungal colonization rates but led to 281 

declines in soil hyphal densities (Lekberg et al., 2021). This suggests that fertilisation may 282 
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shift the function of AM fungi from nutrient provision via extensive soil hyphal networks to 283 

defensive function (which is associated with more hyphae residing in roots than soil). It can 284 

therefore be predicted that land use change can promote the spread of plant genotypes with 285 

either reduced strength or higher plasticity in AM fungal associations, either in terms of 286 

regulating the degree of root colonization or carbon allocation, or switching the mutualist’s 287 

function from nutrition to defence (Zobel et al., 2024).     288 

In addition to AM fungal associations, plants can engage in mutualistic interactions 289 

with a diverse community of free-living microbiota via root exudation (Narula et al., 2009). 290 

Moderate defoliation by grazers is known to increase root exudation, which can stimulate 291 

rates of nitrogen mineralization, plant nutrient uptake, and leaf tissue regrowth immediately 292 

following defoliation (Hamilton & Frank, 2001; Hamilton et al., 2008; Wilson et al., 2018; 293 

Panchal et al., 2022). However, intense grazing can cause carbon limitation and reduce 294 

carbon flow into soil microbial biomass (Medina-Roldán & Bardgett, 2011). Therefore, we 295 

predict that grazing abandonment or intensified grazing may favor plant genotypes with 296 

reduced root exudation, potentially further disrupting mutualistic relationships and modifying 297 

nutrient cycling.  298 

 299 

Patterns of plant disease during land use change 300 

Recent studies suggest that both land use intensification and abandonment can 301 

increase pathogen pressure on grassland plants (Fig. 2). Fertilisation has been shown to 302 

increase the relative abundance of soil fungal pathogens across a wide range of grasslands 303 

(Lekberg et al., 2021), and increased plant susceptibility to fungal disease in response to N 304 

fertilisation is also widely known in agricultural crops (Walters & Bingham, 2007; 305 

Veresoglou et al., 2013). Grazing manipulation studies also show increased foliar pathogen 306 

loads in ungrazed grasslands (Wennström & Ericson, 1991; Tian et al., 2009; Zhang et al., 307 
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2020; but see Daleo et al., 2009). Increases in plant size and leaf surface area (such as in 308 

fertilised grasslands) and longer exposure of leaves to pathogens (as in ungrazed plants) 309 

could also increase infection rates from foliar pathogens (Eck et al., 2022).  310 

Though wild plant populations typically contain high levels of diversity in the genes 311 

that confer disease resistance (Burdon & Jarosz, 1991; Thrall, 2001; Laine, 2004), the loss of 312 

genetic diversity within plant populations due to land use change could compromise this 313 

diversity and increase plant disease susceptibility. Furthermore, declines in plant species 314 

richness (which could reduce dilution effects; Ostfeld & Keesing, 2012), in parallel with 315 

community-level and population-level shifts towards fast growth at the expense of defence, 316 

could also increase plant infection risk (Mitchell et al., 2002; Cappelli et al., 2020; reviewed 317 

by Laine, 2023). Hence, we can predict that these populations are likely to experience 318 

increased selection for pathogen resistance due to higher pathogen densities in fertilised or 319 

abandoned grasslands. As a result, selection imposed by changes in the abiotic environment 320 

(i.e., nutrient and light availability) towards faster-growing plants with enhanced competitive 321 

ability could be counteracted by selective pressure imposed by biotic agents such as 322 

pathogens, making predictions about net evolutionary outcomes challenging.  323 

 324 

Shifts in plant-soil feedbacks during land use change and potential for eco-evolutionary 325 

feedbacks  326 

Mutualistic and antagonistic soil microbes also drive plant-soil feedbacks, which 327 

regulate plant community composition and ecosystem functioning in grasslands (Bever et al., 328 

1997; reviewed by Kulmatiski et al., 2008; Crawford et al., 2019). Plant-soil feedback is 329 

either positive or negative when plant-driven changes in soil microbial community 330 

composition or nutrient conditions either improve or reduce the performance of subsequent 331 

conspecific plants in those soils. Species characterized by traits related to fast growth and/or 332 
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low reliance on mycorrhizal fungi tend to suffer from negative plant-soil feedbacks 333 

(Lemmermeyer et al., 2015; Cortois et al., 2016; Semchenko et al., 2018; Xi et al., 2021), 334 

which should limit their dominance in local communities and enhance species co-existence. 335 

However, it has been shown that plant-soil feedbacks can be modified by fertilisation and 336 

land use intensity in a species-specific way (Manning et al., 2008; Harrison & Bardgett, 337 

2010; Heinze et al., 2015a; in ’t Zandt et al., 2019). Furthermore, some fast-growing grass 338 

species have been shown to exhibit more positive growth responses to soil biota from 339 

intensively managed sites compared to biota from extensively managed sites, probably 340 

contributing to their increasing dominance under land use intensification (Heinze et al., 341 

2015a, 2015b). The underlying mechanisms remain unknown but could be related to the 342 

ability of fast-growing plant species to modulate microbial symbiosis to their advantage 343 

despite increases in pathogen abundance and declines in mycorrhizal fungal abundance 344 

associated with fertilisation (Lekberg et al., 2021; Zobel et al., 2024). It can be predicted that 345 

similar changes may occur within plant populations where plant-soil feedback may select for 346 

genotypes with more flexible relationships with symbiotic soil organisms. In abandoned 347 

grasslands, empirical studies on plant-soil feedback are scarce, but declines in mutualistic 348 

associations and increases in pathogen pressure could lead to similar shifts in plant-soil 349 

feedback as in intensively managed grasslands. 350 

In addition, eco-evolutionary feedback with soil saprotrophs could be a possible 351 

mechanism by which fast-growing plant genotypes may spread during land use 352 

intensification. Under intensive land use, elevated soil nutrient conditions could drive 353 

evolutionary shifts towards tissues with high nutrient content but low longevity, further 354 

enhancing nutrient cycling and resulting in positive feedback to plant growth (Baxendale et 355 

al., 2014; Van Nuland et al., 2017).  356 

 357 
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Consequences of evolutionary responses to land use change for the adaptive potential of 358 

grassland plant species during global change  359 

The loss of genetic diversity and/or shifts in functional traits within plant species 360 

during land use change could negatively affect species’ persistence and adaptive potential 361 

(Koch et al., 2014; Nordstrom et al., 2023). Besides the inherent challenges caused by 362 

reductions in population size alongside shifts in dispersal and reproductive traits, land-use 363 

change may affect population persistence by changing the rate of generation of new genetic 364 

variants, further affecting adaptive potential. Theoretically, these processes may force species 365 

into an extinction vortex and accelerate the loss of populations through increased genetic 366 

drift, inbreeding, and fixation of maladaptive genetic variants (Nordstrom et al., 2023). In 367 

addition, shifts in resource acquisition and/or defensive traits during land use change could 368 

further restrict the ability of populations to persist and adapt in the face of extreme weather 369 

events (e.g., droughts; Lehner et al., 2006; Büntgen et al., 2021; IPPC 2021), species 370 

invasions (Bradley et al., 2010), and disease outbreaks (Anderson et al., 2004; Chakraborty & 371 

Newton, 2011; Eastburn et al., 2011; Elad & Pertot, 2014), which are predicted to become 372 

more frequent with global change (Fig. 3). Below, we focus on severe drought events as an 373 

example of the interactive effects of land use and climate change and identify potential eco-374 

evolutionary feedbacks that can be expected.  375 

The frequency and severity of droughts are expected to increase in many regions 376 

(Trnka et al., 2011; Xu et al., 2019, IPCC, 2021; Treydte et al., 2024) and can lead to rapid 377 

collapse of plant populations (Godfree et al., 2011). It has been demonstrated that grassland 378 

plant communities dominated by fast-growing species are less resistant to drought stress than 379 

those dominated by slow-growing species (Oram et al., 2023) but may recover faster after 380 

droughts (Hoover et al., 2014; Stampfli et al., 2018; Williams & de Vries, 2020). Superior 381 

recovery after droughts could be due to efficient utilization of the nutrient flushes that follow 382 
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droughts (Oliveira et al., 2021) or the recruitment of beneficial microbes that aid in drought 383 

recovery via root exudation (Williams & de Vries, 2020; de Vries et al., 2023).  384 

It is currently unknown how evolutionary changes within plant species in response to 385 

land use change may affect population resilience to drought. Based on community-level 386 

observations, we can predict that competitive exclusion of stress-tolerant genotypes by 387 

resource-acquisitive genotypes could impair species’ drought resistance, but could result in 388 

faster regrowth after drought. In addition, plant species richness has been shown to moderate 389 

the impact of drought on plant productivity (Vogel et al., 2012; Isbell et al., 2015; Wagg et 390 

al., 2017; Souther et al., 2020). As genetic diversity within plant species has been shown to 391 

produce a similar buffering effect (Reusch et al., 2005; Prieto et al., 2015), declines in genetic 392 

diversity because of land use change could further compromise grassland drought resilience.  393 

Drought resistance could be further diminished if genetic or functional shifts within 394 

grassland populations in response to land use change disrupt plant-microbial interactions, 395 

particularly associations with AM fungi, which are known to enhance drought tolerance 396 

(Remke et al., 2021; Puy et al., 2022; but see Bauer et al., 2020). Moreover, changes in plant 397 

carbon allocation to the microbial species involved in nitrogen and carbon cycling can also 398 

modify grassland responses to drought (Fuchslueger et al., 2016; Karlowsky et al., 2018; 399 

Kübert et al., 2019; Chomel et al., 2022; Oram et al., 2023). For example, intensive 400 

management favours opportunistic and resilient bacterial taxa over drought-sensitive taxa 401 

with poor recovery after drought (Lavellee et al. 2024), which may reinforce selection for 402 

plant genotypes with fast recovery but low resistance to drought. In summary, land use 403 

intensification and cessation of traditional management in grasslands may increase the 404 

sensitivity of plant populations to drought via reductions in plant genetic diversity, changes in 405 

functional trait composition and disruption of microbial associations. 406 

 407 
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Consequences of evolutionary responses to land use change for grassland ecosystem 408 

functioning 409 

Faced with escalating climatic perturbations, it is critical to consider the evolutionary 410 

consequences of long-term land use change as a threat to ecosystem functioning (Mooney et 411 

al., 2009; Montoya & Raffaelli, 2010). Predictions can be made based on community-level 412 

observations and knowledge of the role of plant genetic diversity in ecosystem functioning. 413 

Plant species richness and functional diversity within plant communities have consistently 414 

been shown to enhance grassland productivity (Hooper et al., 2005; Cardinale et al., 2007; 415 

Clark et al., 2012; van ’t Veen et al., 2020) as well as stability (Tilman et al., 2006a; Hallett et 416 

al., 2017). While less is known about the role of plant genetic diversity, there is a general 417 

trend for genotypic and trait diversity to also increase productivity and stability (reviewed in 418 

Reusch et al., 2005; Cook-Patton et al., 2011; Whitlock, 2014; Abbott et al., 2017) and 419 

complement species diversity in maintaining ecosystem functioning (Prieto et al., 2015). It 420 

can hence be predicted that declines in plant genetic and functional diversity due to land use 421 

change can compromise ecosystem functioning. 422 

Simultaneous changes in plant species and microbial communities in response to land 423 

use intensification and abandonment are also known to change carbon storage and nutrient 424 

cycling (e.g., Neyret et al., 2024). Higher nutrient levels and increased quality and quantity of 425 

plant-derived substrates (e.g., litter N content) associated with intensive grassland 426 

management can cause soil food webs to shift from fungal dominance to communities 427 

dominated by fast-propagating bacteria (Bardgett & McAlister, 1999; Leff et al., 2015). 428 

Cessation of grazing has been shown to reduce the diversity of below-ground communities, 429 

their metabolic activity, and the capacity of soils to maintain multiple functions (Schmitt et 430 

al., 2010; Peco et al., 2017; Schrama et al., 2023). As microbial diversity and network 431 

complexity are positively correlated with ecosystem functioning in grasslands (Wagg et al., 432 
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2019), land use intensification and abandonment have been shown to have detrimental effects 433 

on soil nutrient retention (de Vries et al., 2011), carbon storage (Tilman et al., 2006b; De 434 

Deyn et al., 2008; de Vries et al., 2012a; Allan et al., 2015; Ward et al., 2016; Sollenberger et 435 

al., 2019; Felipe-Lucia et al., 2020; Pichon et al., 2020), and ecosystem multifunctionality 436 

(Luo et al., 2023).  437 

The importance of population-level responses to land use change in driving shifts in 438 

carbon and nutrient cycling is currently unknown. However, studies on genotypic variation in 439 

plant-soil interactions show that genotypes can differ in traits related to soil functions and that 440 

genotypic diversity can modify nutrient and carbon cycling via litter decomposition dynamics 441 

and root exudation (Schweitzer et al., 2005; Micallef et al., 2009; Wang et al., 2014; 442 

Semchenko et al., 2017, 2021). In addition, as AM fungi stabilize soil carbon via storage in 443 

mycelial tissue and formation of fungal necromass and soil aggregates (which protect carbon 444 

from microbial decomposition; Wilson et al., 2009; Morris et al., 2019; Hawkins et al., 2023),  445 

potential evolutionary shifts towards lower reliance on mycorrhizal symbiosis within plant 446 

populations could have a detrimental effect on soil carbon storage. Thus, we can predict that 447 

declines in genetic and functional diversity within plant populations, the displacement of 448 

resource-conservative genotypes by resource-acquisitive genotypes, and disruption of co-449 

evolved relationships between plants and their microbial mutualists under changing land use 450 

could all undermine the ecosystem services provided by grasslands. 451 

 452 

Conclusions 453 

 Understanding how anthropogenic change affects the biodiversity and functioning of 454 

plant communities as well as the evolution and ecology of the species within them is a central 455 

challenge in biology (Griffin et al., 2009; Bennett et al., 2015; Newbold et al., 2015; Oliver et 456 

al., 2015; Smith et al., 2019; Paudel et al., 2021). Existing knowledge about how land use 457 
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change alters plant communities can be applied to understand the broader potential for land 458 

use change to drive eco-evolutionary shifts in plant populations and their interactions with 459 

associated microbes. Indirect evidence suggests that land use change may generate genetic 460 

and functional changes in grassland plant populations, which could disrupt plant-microbe 461 

associations, including with those microbes responsible for nutrient cycling and other key 462 

ecosystem functions. Plant evolutionary responses to land use change may then create eco-463 

evolutionary feedbacks that further erode the functioning of grassland ecosystems and the 464 

adaptive potential of plant populations to future perturbations, especially under climate 465 

change. Empirical evidence for eco-evolutionary dynamics is extremely limited and requires 466 

more attention alongside investigation of community-level responses. In particular, several 467 

aspects linking population-level processes to ecosystem functions remain practically 468 

unexplored (Fig. 2).  469 

 Several major challenges have impeded advancement, including difficulties 470 

characterizing evolutionary change and linking genetic changes to plant-microbial 471 

interactions and ecosystem functions. Until recently, estimates of genetic diversity relied on 472 

neutral genetic markers, which can be a weak predictor of functional diversity within plant 473 

populations (Holderegger et al., 2006; Whitlock, 2014; Teixeira & Huber, 2021). However, 474 

advances in the rapidly developing field of landscape genomics hold great potential for 475 

detecting loci of adaptive relevance in non-model plants (Dauphin et al., 2023). In addition, 476 

our mechanistic understanding of plant-microbe and soil interactions has burgeoned in recent 477 

decades, e.g., on the multiple roles of mycorrhizae in nutrient cycling and defence (Delavaux 478 

et al., 2017) and the role of plant-soil feedback in vegetation dynamics (Gundale & Kardol, 479 

2021; Semchenko et al., 2022). These advances offer a promising avenue for exploring eco-480 

evolutionary dynamics under global change and linking them to species adaptive potential 481 

and ecosystem function.  482 
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Figures 483 

 484 

 485 

 486 

Figure 1: Processes underlying the impact of land use change in grasslands on 487 
ecosystem functions and resilience via evolutionary change in plant populations. The 488 
vast majority of historical semi-natural grasslands in Europe have been transformed by two 489 

main forms of land use change: i) intensification characterized by the application of fertilisers 490 
and more intense mowing/grazing; and ii) abandonment characterized by the cessation of 491 

grazing and mowing, leading to tree and shrub encroachment. Both intensification and 492 
abandonment can also result in the loss and fragmentation of habitat area with suitable 493 
growth conditions for grassland specialist species. These environmental changes can impose 494 

local selective pressure on plant populations – individuals with phenotypic trait values that 495 

are a better fit to changing conditions can gain a fitness advantage, leading to trait value shifts 496 

within populations and changes in trait diversity or variability. Changes in trait value or 497 
composition can occur either via phenotypic plasticity (i.e., the ability of a genotype to 498 

produce multiple phenotypes depending on environmental conditions) or via heritable shifts 499 
within populations (i.e., changes in allele frequencies, mutations, heritable epigenetic 500 
changes). Changes in population size and connectivity to other populations during habitat 501 
fragmentation can also change trait diversity and modify population responses to selection 502 

due to genetic drift (i.e., the random loss of genetic variation and/or fixation of maladaptive 503 
genetic variants) and changes in gene flow (i.e., the exchange of genetic variants between 504 
populations). The combined effect of land use change on intraspecific trait diversity and 505 
composition can in turn modify ecosystem processes (e.g., nutrient cycling, carbon storage 506 
and productivity) and resilience to further perturbations.  507 
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 508 

Figure 2: Current knowledge about the effects of land use intensification and 509 
abandonment on characteristics of grassland plant communities versus populations. For 510 

each characteristic (in the central column), we list the predicted direction of change due to 511 
land use intensification (leftmost two columns) and abandonment (rightmost two columns) at 512 
both the community and population level. Predictions are color-coded to reflect how much 513 

focus has been placed on them in the literature: blue indicates well-studied topics (> 10 514 

studies), green indicates somewhat-studied topics (5 – 10 studies), and orange indicates less-515 
studied topics (0 – 4 studies). Underscored predictions indicate that there are no studies to 516 
date that explicitly test this prediction. To allow comparison of biodiversity between 517 

communities and populations, here, ‘diversity’ refers to all of species, genetic, and/or 518 
functional diversity. For characteristics quantified at the population-level, included studies 519 

could reflect either genetic or epigenetic change, or phenotypic plasticity. Predictions are 520 
primarily based on theoretical consideration, while empirical studies generally report variable 521 
outcomes. Asterisks indicate cases in which theoretical predictions assume a decline in the 522 
characteristic, but empirical studies indicate that that the opposite might be true. See Table S1 523 
for a non-exhaustive list of studies informing these predictions.  524 
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 525 

 526 

 527 

Figure 3. Predicted eco-evolutionary changes in grassland plant populations in response 528 

to land use and global change. Increased nutrient supply due to fertilisation in intensively 529 

managed grasslands and increased shading due to cessation of management in abandoned 530 

grasslands may select for competitive genotypes with low investment of carbon to mutualistic 531 
mycorrhizal fungi and root exudates, resulting in a shift from beneficial to pathogenic 532 

interactions with soil communities. Intensive management may enhance nutrient cycling with 533 
potential declines in nutrient retention, while abandoned grasslands may experience slowed 534 
nutrient cycling due to litter accumulation and invasion by ECM trees. The decline in plant 535 

functional diversity, the disruption of co-evolved plant-soil interactions and the displacement 536 
of resource-conservative strategies by competitive strategies with low stress tolerance can 537 
cascade to impair wider ecosystem processes, such soil carbon storage and nutrient retention, 538 

and ecosystem resilience to extreme weather events.   539 



 

24 
 

References 540 

Aavik, T., Thetloff, M., Träger, S., Hernández-Agramonte, I. M., Reinula, I. & Pärtel, M. 541 

(2019). Delayed and immediate effects of habitat loss on the genetic diversity of the 542 

grassland plant Trifolium montanum. Biodiversity and Conservation, 28, 3299–3319. 543 

Aavik, T., Träger, S., Zobel, M., Honnay, O., Van Geel, M., Bueno, C.G. & Koorem, K. 544 

(2021) The joint effect of host plant genetic diversity and arbuscular mycorrhizal 545 

fungal communities on restoration success. Functional Ecology, 35, 2621-2634. 546 

Abbott, R. E., Doak, D. F., & DeMarche, M. L. (2017). Portfolio effects, climate change, and 547 

the persistence of small populations: analyses on the rare plant Saussurea weberi. 548 

Ecology, 98(4), 1071–1081. 549 

Allan, E., Manning, P., Alt, F., Binkenstein, J., Blaser, S., Blüthgen, N., Böhm, S., Grassein, 550 

F., Hölzel, N., Klaus, V. H., Kleinebecker, T., Morris, E. K., Oelmann, Y., Prati, D., 551 

Renner, S. C., Rillig, M. C., Schaefer, M., Schloter, M., Schmitt, B., ... & Fischer, M. 552 

(2015). Land use intensification alters ecosystem multifunctionality via loss of 553 

biodiversity and changes to functional composition. Ecology Letters, 18, 834–843. 554 

Anderson, P. K., Cunningham, A. A., Patel, N. G., Morales, F. J., Epstein, P. R., & Daszak, 555 

P. (2004). Emerging infectious diseases of plants: pathogen pollution, climate change 556 

and agrotechnology drivers. Trends in Ecology and Evolution, 19(10). 557 

Bakker, J. P., Dekker, M., & De Vries, Y. (1980). The effect of different management 558 

practices on a grassland community and the resulting fate of seedlings. Acta Bot. 559 

Neerl., 29(5/6), 469–482. 560 

Bardgett, R. D., & McAlister, E. (1999). The measurement of soil fungal:bacterial biomass 561 

ratios as an indicator of ecosystem self-regulation in temperate meadow grasslands. 562 

Biol. Fertil. Soils, 29, 282–290. 563 

Barto, E. K., & Rillig, M. C. (2010). Does herbivory really suppress mycorrhiza? A meta-564 

analysis. Journal of Ecology, 98, 745–753. 565 

Bauer, J. T., Koziol, L., & Bever, J. D. (2020). Local adaptation of mycorrhizae communities 566 

changes plant community composition and increases aboveground productivity. 567 

Oecologia, 192, 735–744. 568 

Baxendale, C., Orwin, K. H., Poly, F., Pommier, T., & Bardgett, R. D. (2014). Are plant-soil 569 

feedback responses explained by plant traits? New Phytologist, 204, 408–423. 570 



 

25 
 

Bengtsson, J., Bullock, J. M., Egoh, B., Everson, C., Everson, T., O’Connor, T., O’Farrell, P. 571 

J., Smith, H. G., & Lindborg, R. (2019). Grasslands – more important for ecosystem 572 

services than you might think. Ecosphere, 10(2), e02582. 573 

Bennett, E. M., Cramer, W., Begossi, A., Cundill, G., Díaz, S., Egoh, B. N., Geijzendorffer, I. 574 

R., Krug, C. B., Lavorel, S., Lazos, E., Lebel, L., Martín-López, B., Meyfroidt, P., 575 

Mooney, H. A., Nel, J. L., Pascual, U., Payet, K., Pérez Harguindeguy, N., Peterson, 576 

G. D., … & Woodward., G. (2015). Linking biodiversity, ecosystem services, and 577 

human well-being: three challenges for designing research for sustainability. Current 578 

Opinion in Environmental Sustainability, 14, 76–85. 579 

Bever, J. D., Westover, K. M., & Antonovics, J. (1997). Incorporating the soil community 580 

into plant population dynamics: the utility of the feedback approach. Journal of 581 

Ecology, 85, 561–573. 582 

Bever, J. D., Dickie, I. A., Facelli, E., Facelli, J. M., Klironomos, J., Moora, M., Rillig, M. C., 583 

Stock, W. D., Tibbett, M., & Zobel, M. (2010). Rooting theories of plant community 584 

ecology in microbial interactions. Trends in Ecology & Evolution, 25, 468–478. 585 

Bignal, E. M., & McCracken, D. I. (1996). Low-intensity farming systems in the 586 

conservation of the countryside. Journal of Applied Ecology, 33(3), 413–424. 587 

Bissett, A., Richardson, A. E., Baker, G., & Thrall, P. H. (2011). Long-term land use effects 588 

on soil microbial community structure and function. Applied Soil Ecology, 51, 66–78. 589 

Borer, E. T., Seabloom, E. W., Gruner, D. S., Harpole., W. S., Hillebrand, H., Lind, E. M., 590 

Adler, P. B., Alberti, J., Anderson, T. M., Bakker, J. D., Biedermann, L., Blumenthal, 591 

D., Brown, C. S., Brudvig, L. A., Buckley, Y. M., Cadotte, M., Chu, C., Cleland, E. 592 

E., Crawley, M. J., … & Yang, L. H. (2014). Herbivores and nutrients control 593 

grassland plant diversity via light limitation. Nature, 508, 517–520. 594 

Bradley, B. A., Wilcove, D. S., & Oppenheimer, M. (2010). Climate change increases risk of 595 

plant invasion in the Eastern United States. Biological Invasions, 12, 1855–1872. 596 

Burdon, J. J., & Jarosz, A. M. (1991). Host-pathogen interactions in natural populations of 597 

Linum marginale and Melamspora lini: I. Patterns of resistance and racial variation in 598 

a large host population. Evolution, 45(1), 205–217. 599 

Busch, V., & Reisch, C. (2016). Population size and land use affect the genetic variation and 600 

performance of the endangered plant species Dianthus seguieri spp. glaber. 601 

Conservation Genetics, 17, 425–436. 602 

Büntgen, U., Urban, O., Krusic., P. J., Rybníček, M., Kolář, T., Kyncl, T., Ač, A., Koňasová, 603 

E., Čáslavský, J., Esper, J., Wagner, S., Saurer, M., Tegel, W., Dobrovolný, P., 604 



 

26 
 

Cherubini, P., Reinig, F., & Trnka, M. (2021). Recent European drought extremes 605 

beyond Common Era background variability. Nature Geoscience, 14, 190–196. 606 

Callaway, R. M., Pennings, S. C., & Richards, C. L. (2003). Phenotypic plasticity and 607 

interactions among plants. Ecology, 84(5), 1115–1128. 608 

Cappelli, S. L., Pichon, N. A., Kempel, A., & Allan, E. (2020). Sick plants in grassland 609 

communities: a growth-defense trade-off is the main driver of fungal pathogen 610 

abundance. Ecology Letters, 23, 1349–1359. 611 

Cardinale, B. J., Wright, J. P., Cadotte, M. W., Carroll, I. T., Hector, A., Srivastava, D. S., 612 

Loreau, M., & Weis, J. J. (2007). Impacts of plant diversity on biomass production 613 

increase through time because of species complementarity. PNAS, 104(46), 18123–614 

18128. 615 

Cavalli, G., & Heard, E. (2019). Advances in epigenetics link genetics to the environment 616 

and disease. Nature, 571, 489–499. 617 

Chakraborty, S., & Newton, A. C. (2011). Climate change, plant diseases and food security: 618 

an overview. Plant Pathology, 60, 2–14. 619 

Chollet, S., Rambal, S., Fayolle, A., Hubert, D., Foulquie, D., & Garnier, E. (2014). 620 

Combined effects of climate, resource availability, and plant traits on biomass 621 

produced in a Mediterranean rangeland. Ecology, 95(3), 737–748. 622 

Chomel, M., Lavallee, J. M., Alvarez-Segura, N., Baggs, E. M., Caruso, T., de Castro, F., 623 

Emmerson, M. C., Magilton, M., Rhymes, J. M., de Vries, F. T., Johnson, D., & 624 

Bardgett, R. D. (2022). Intensive grassland management disrupts below-ground multi-625 

trophic resource transfer in response to drought. Nature Communications, 13, 6991. 626 

Clark, C. M., Flynn, D. F. B., Butterfield, B. J., & Reich, P. B. (2012). Testing the link 627 

between functional diversity and ecosystem functioning in a Minnesota grassland 628 

experiment. PloS ONE, 7(12), e52821. 629 

Coley, P. D., Bryant, J. P., & Chapin, III, F. S. (1985). Resource availability and plant 630 

antiherbivore defense. Science, 230, 895–899. 631 

Cook-Patton, S. C., McArt, S. H., Parachnowitsch, A. L., Thaler, J. S., & Agrawal, A. A. 632 

(2011). A direct comparison of the consequences of plant genotypic and species 633 

diversity on communities and ecosystem function. Ecology, 92(4), 915–923. 634 

Cortois, R., Schröder-Georgi, T., Weigelt, A., van der Putten, W. H., & De Deyn, G. B. 635 

(2016). Plant-soil feedbacks: role of plant functional group and plant traits. Journal of 636 

Ecology, 104, 1608–1617. 637 



 

27 
 

Cousins, S. A. O. (2009). Extinction debt in fragmented grasslands: paid or not? Journal of 638 

Vegetation Science, 20, 3–7. 639 

Craine, J. M., Froehle, J., Tilman, D. G., Wedin, D. A., & Chapin, III, F. S. (2001). The 640 

relationships among root and leaf traits of 76 grassland species and relative abundance 641 

along fertility and disturbance gradients. Oikos, 93, 274–285. 642 

Crawford, K. M., Bauer, J. T., Comita, L. S., Eppinga, M. B., Johnson, D. J., Mangan, S. A., 643 

Queenborough, S. A., Strand, A. E., Suding, K. N., Umbanhowar, J., & Bever, J. D. 644 

(2019). When and where plant-soil feedback may promote plant coexistence: a meta-645 

analysis. Ecology Letters, 22, 1274–1284. 646 

Daleo, P., Silliman, B., Alberti, J., Escapa, M., Canepuccia, A., Peña, N., & Iribarne, O. 647 

(2009). Grazer facilitation of fungal infection and the control of plant growth in 648 

South-Western Atlantic salt marches. Journal of Ecology, 97(4), 781–787. 649 

Dauphin, B., Rellstab, C., Wüest, R.O., Karger, D.N., Holderegger, R., Gugerli, F. & Manel, 650 

S. (2023). Re-thinking the environment in landscape genomics. Trends in Ecology & 651 

Evolution, 38, 261–274. 652 

Davies, M. S., & Snaydon, R. W. (1974). Physiological differences among population of 653 

Anthoxanthum odoratum L. collected from the Park Grass Experiment, Rothamsted. 654 

III. Response to phosphate. Journal of Applied Ecology, 11(2), 699–707. 655 

Davies, M. S., & Snaydon, R. W. (1976). Rapid population differentiation in a mosaic 656 

environment. III. Measures of selection pressures. Heredity, 36(1), 59–66. 657 

De Deyn, G. B., Cornelissen, J. H. C., & Bardgett, R. D. (2008). Plant functional traits and 658 

soil carbon sequestration in contrasting biomes. Ecology Letters, 11, 516–531. 659 

De Deyn, G. B., Shiel, R. S., Ostle, N. J., McNamara, N. P., Oakley, S., Young, I., Freeman, 660 

C., Fenner, N., Quirk, H., & Bardgett, R. D. (2011). Additional carbon sequestration 661 

benefits of grassland diversity restoration. Journal of Applied Ecology, 48, 600–608. 662 

Delavaux, C. S., Smith-Ramesh, L. M., & Kuebbing, S. E. (2017). Beyond nutrients: a meta-663 

analysis of the diverse effects of arbuscular mycorrhizal fungi on plants and soils. 664 

Ecology, 98(8), 2111–2119. 665 

Delavaux, C. S., & Bever, J. D. (2022). Evidence for the evolution of native plant response to 666 

mycorrhizal fungi in post-agricultural grasslands. Ecology and Evolution, 12, e9097. 667 

Dengler, J., Janišová, M., Török, P., & Wellstein, C. (2014). Biodiversity of Palearctic 668 

grasslands: a synthesis. Agriculture, Ecosystems, and Environment, 182, 1–14. 669 

Díaz, S., Lavorel, S., McIntyre, S., Falczuk, V., Casanoves, F., Milchunas, D. G., Skarpe, C., 670 

Rusch, G., Sternberg, M., Noy-Meir, I., Landsberg, J., Zhang, W., Clark, H., & 671 



 

28 
 

Campbell, B. D. (2007). Plant trait responses to grazing – a global synthesis. Global 672 

Change Biology, 13, 313–341. 673 

Díaz, S., Kattge, J., Cornelissen, J. H. C., Wright, I. J., Lavorel, S., Dray, S., Reu, B., Kleyer, 674 

M., Wirth, C., Prentice, I. C., Garnier, E., Bönisch, G., Westoby, M., Poorter, H., 675 

Reich. P. B., Moles, A. T., Dickie, J., Gillison, A. N., Zanne, A. E., … & Gorné, L. D. 676 

(2016). The global spectrum of plant form and function. Nature, 529, 167–171. 677 

Diekmann, M., Andres, C., Becker, T., Bennie, J., Blüml, V., Bullock, J. M., Culmsee, H., 678 

Fanigliulo, M., Hahn, A., Heinken, T., Leuschner, C., Luka, S., Meißner, J., Müller, 679 

J., Newton, A., Peppler-Lisbach, C., Rosenthal, G., van den Berg, L. J. L., Vergeer, 680 

P., & Wesche, K. (2019). Patterns of long-term vegetation change vary between 681 

different types of semi-natural grasslands in Western and Central Europe. Journal of 682 

Vegetation Science, 30, 187–202. 683 

van Diggelen, R., Sijtsma, F. J., Strijker, D., & van den Burg, J. (2005). Relating land-use 684 

intensity and biodiversity at the regional scale. Basic and Applied Ecology, 6, 145–685 

149. 686 

Doležal, J., Lanta, V., Mudrák, O., & Lepš, J. (2018). Seasonality promotes grassland 687 

diversity: interactions with mowing, fertilization and removal of dominant species. 688 

Journal of Ecology, 107, 203–215. 689 

Donnison, L. M., Griffith, G. S., Hedger, J., Hobbs, P. J., & Bardgett, R. D. (2000). 690 

Management influences on soil microbial communities and their function in 691 

botanically diverse haymeadows of northern England and Wales. Soil Biology and 692 

Biochemistry, 32, 253–263. 693 

Eastburn, D. M., McElrone, A. J., & Bilgin, D. D. (2011). Influence of atmospheric and 694 

climate change on plant-pathogen interactions. Plant Pathology, 60, 54–69. 695 

Eck, J. L., Kytöviita, M.-M., & Laine, A.-L. (2022). Arbuscular mycorrhizal fungi influence 696 

host infection during epidemics in a wild plant pathosystem. New Phytologist, 236, 697 

1922–1935. 698 

Elad, Y. & Pertot, I. (2014). Climate change impacts on plant pathogens and plant diseases. 699 

Journal of Crop Improvement, 28(1), 99–139. 700 

Epps, C. W., & Keyghobadi, N. (2015). Landscape genetics in a changing world: 701 

disentangling historical and contemporary influences and inferring change. Molecular 702 

Ecology, 24, 6021–6040. 703 



 

29 
 

Eriksson, O., Cousins, S. A. O., & Bruun, H. H. (2002). Land-use history and fragmentation 704 

of traditionally managed grasslands of Scandinavia. Journal of Vegetation Science, 705 

13, 743–748. 706 

Eskelinen, A., Harpole, W. S., Jessen, M.-T., Virtanen, R., & Hautier, Y. (2022). Light 707 

competition drives herbivore and nutrient effects on plant diversity. Nature, 611, 301–708 

304. 709 

Estel, S., Mader, S., Levers, C., Verburg, P. H., Baumann, M., & Kuemmerle, T. (2018). 710 

Combining satellite data and agricultural statistics to map grassland management 711 

intensity in Europe. Environmental Research Letters, 13, 074020. 712 

Felipe-Lucia, M. R., Soliveres, S., Penone, C., Fischer, M., Ammer, C., Boch, S., 713 

Boeddinghaus, R. S., Bonkowski, M., Buscot, F., Fiore-Donno, A. M., Frank, K., 714 

Goldmann, K., Gossner, M. M., Hölzel, N., Jochum, M., Kandeler, E., Klaus, V. H., 715 

Kleinebecker, T., Leimer, S., … & Allan, E. (2020). Land-use intensity alters 716 

networks between biodiversity, ecosystem functions, and services. PNAS, 177(45), 717 

28140–28149. 718 

Filho, J.A.C., Pascholati, S.F., Sabrinho, R.R. (2016). Mycorrhizal Association and Their 719 

Role in Plant Disease Protection. In: Hakeem, K., Akhtar, M. (eds) Plant, Soil and 720 

Microbes. Springer, Cham. https://doi.org/10.1007/978-3-319-29573-2_6 721 

Fischer, M., Weyand, A., Rudmann-Maurer, K., & Stöcklin, J. (2011). Adaptation of Poa 722 

alpina to altitude and land use in the Swiss Alps. Alp Botany, 121, 91–105. 723 

Fuchslueger, L., Bahn, M., Hasibeder, R., Kienzi, S., Fritz, K., Schmitt, M., Watzka, M., & 724 

Richter, A. (2016). Drought historty affects grassland plant and microbial carbon 725 

turnover during and after a subsequent drought event. Journal of Ecology, 104, 1453–726 

1465. 727 

Garnier, E., Lavorel, S., Ansquer, P., Castro, H., Cruz, P., Doležal, J., Eriksson, O., Fortunel, 728 

C., Freitas, H., Golodets, C., Grigulis, K., Jouany, C., Kazakou, E., Kigel, J., Kleyer, 729 

M., Lehsten, V., Lepš, J., Meier, T., Pakeman, R., … & Zarovali, M. (2007). 730 

Assessing the effects of land-use change on plant traits, communities and ecosystem 731 

functioning in grasslands: a standardized methodology and lessons from an 732 

application to 11 European sites. Annals of Botany, 99, 967–985. 733 

Gehring, C. A., & Whitham, T. G. (2002). Mycorrhizae-Herbivore Interactions: Population 734 

and Community Consequences. In: van der Heijden, M.G.A., Sanders, I.R. (eds) 735 

Mycorrhizal Ecology. Ecological Studies, vol 157. Springer, Berlin, Heidelberg. 736 



 

30 
 

Gerstner, K., Dormann, C. F., Stein, A., Manceur, A. M., & Seppelt, R. (2014). Effects of 737 

land use on plant diversity – a global meta-analysis. Journal of Applied Ecology, 51, 738 

1690–1700. 739 

Godfree, R., Lepschi, B., Reside, A., Bolger, T., Robertson, B., Marshall, D., & Carnegie, M. 740 

(2011). Multiscale topoedaphic heterogeneity increases resilience and resistance of a 741 

dominant grassland species to extreme drought and climate change. Global Change 742 

Biology, 17, 943–948. 743 

Gundale, J. M., & Kardol, P. (2021). Multi‐dimensionality as a path forward in plant‐soil 744 

feedback research. Journal of Ecology, 109(10), 3446-3465. 745 

Griffin, J.N., O’Gorman, E.J., Emmerson, M.C., Jenkins, S.R., Klein, A.M., Loreau, M. and 746 

Symstad, A., 2009. Biodiversity and the stability of ecosystem functioning. 747 

Biodiversity, ecosystem functioning, and human wellbeing–an ecological and 748 

economic perspective, pp.78-93. 749 

Habel, J. C., Dengler, J., Janišová, M., Török, P., Wellstein, C., & Wiezik, M. (2013). 750 

European grassland ecosystems: threatened hotspots of biodiversity. Biodiversity 751 

Conservation, 22, 2131–2138. 752 

Hallett, L. M., Stein, C., & Suding, K. N. (2017). Functional diversity increases ecological 753 

stability in a grazed grassland. Oecologia, 183, 831–840. 754 

Hamilton, III., E. W., & Frank, D. A. (2001). Can plants stimulate soil microbes and their 755 

own nutrient supply? Evidence from a grazing tolerant grass. Ecology, 82(9), 2397–756 

2402. 757 

Hamilton, III, E. W., Frank, D. A., Hinchey, P. M., & Murray, T. R. (2008). Defoliation 758 

induces root exudation and triggers positive rhizospheric feedbacks in a temperate 759 

grassland. Soil Biology & Biochemistry, 40, 2865–2873. 760 

Hanski, I., & Ovaskainen, O. (2002). Extinction debt at extinction threshold. Conservation 761 

Biology, 16(3), 666–673. 762 

Harrison, K. A., & Bardgett, R. D. (2010). Influence of plant species and soil conditions on 763 

plant-soil feedback in mixed grassland communities. Journal of Ecology, 98, 384-395. 764 

Hautier, Y., Niklaus, P. A., & Hector, A. (2009). Competition for light causes plant 765 

biodiversity loss after eutrophication. Science, 324, 636–638. 766 

Hawkins, H.-J., Cargill, R. I. M., Van Nuland, M. E., Hagen, S. C., Field, K. J., Sheldrake, 767 

M., Soudzilovskaia, N. A., & Kiers, E. T. (2023). Mycorrhizal mycelium as a global 768 

carbon pool. Current Biology, 33, R560–R573. 769 



 

31 
 

Heidenreich, B. (2009). What are Global Temperate Grasslands Worth? A Case for their 770 

Protection. Temperate Grasslands Conservation Initiative, Vancouver, British 771 

Columbia, Canada. 772 

Heinze, J., Werner, T., Weber, E., Rillig, M. C., & Joshi, J. (2015a). Soil biota effects on 773 

local abundances of three grass species along a land-use gradient. Oecologia, 179, 774 

249–259. 775 

Heinze, J., Bergmann, J., Rillig, M. C., & Joshi, J. (2015b). Negative biotic soil-effects 776 

enhance biodiversity by restricting potentially dominant plant species in grasslands. 777 

Perspectives in Plant Ecology, Evolution and Systematics, 17(3), 227-235. 778 

Helm, A., Oja, T., Saar, L., Takkis, K., Talve, T., & Pärtel, M. (2009). Human influence 779 

lowers plant genetic diversity in communities with extinction debt. Journal of 780 

Ecology, 97, 1329–1336. 781 

Hoeksema, J. D., & Forde, S. E. (2008). A meta-analysis of factors affecting local adaptation 782 

between interacting species. The American Naturalist, 171(3), 275-290. 783 

Holderegger, R., Kamm, U. & Gugerli, F. (2006) Adaptive vs. neutral genetic diversity: 784 

implications for landscape genetics. Landscape Ecology, 21, 797-807. 785 

Honnay, O., & Jacquemyn, H. (2007). Susceptibility of common and rare plant species to the 786 

genetic consequences of habitat fragmentation. Conservation Biology, 21(3), 823–787 

831. 788 

Honnay, O., Adriaens, D., Coart, E., Jacquemyn, H., & Roldan-Ruiz, I. (2007). Genetic 789 

diversity within and between remnant populations of the endangered calcareous 790 

grassland plant Globularia bisnagarica L. Conservation Genetics, 8, 293–303. 791 

Hooper, D. U.., Chapin, III., F. S., Ewel, J. J., Hector, A., Inchausti, P., Lavorel, S., Lawton, 792 

J. H., Lodge, D. M., Loreau, M., Naeem, S., Schmid, B., Setälä, H., Symstad, A. J., 793 

Vandermeer, J., & Wardle, D. A. (2005). Effects of biodiversity on ecosystem 794 

functioning: a consensus of current knowledge. Ecological Monographs, 75(1), 3–35. 795 

Hoover, D. L., Knapp, A. K., & Smith, M. D. (2014). Resistance and resilience of a grassland 796 

ecosystem to climate extremes. Ecology, 95(9), 2646–2656. 797 

Huang, Y., Liang, C., Duan, X., Chen, H., & Li, D. (2019). Variation of microbial residue 798 

contribution to soil organic carbon sequestration following land use change in a 799 

subtropical karst region. Geoderma, 353, 340–346. 800 

IPCC, 2021: Climate Change 2021: The Physical Science Basis. Contribution of Working 801 

Group I to the Sixth Assessment Report of the Intergovernmental Panel on Climate 802 

Change [Masson-Delmotte, V., P. Zhai, A. Pirani, S.L. Connors, C. Péan, S. Berger, 803 



 

32 
 

N. Caud, Y. Chen, L. Goldfarb, M.I. Gomis, M. Huang, K. Leitzell, E. Lonnoy, J.B.R. 804 

Matthews, T.K. Maycock, T. Waterfield, O. Yelekçi, R. Yu, and B. Zhou (eds.)]. 805 

Cambridge University Press, Cambridge, United Kingdom and New York, NY, USA. 806 

Isbell, F., Craven, D., Connolly, J., Loreau, M., Schmid, B., Beierkuhnlein, C., Bezemer, T. 807 

M., Bonin, C., Bruelheide, H., de Luca, E., Ebeling, A., Griffin, J. N., Guo, Q., 808 

Hautier, Y., Hector, A., Jentsch, A., Kreyling, J., Lanta, V., Manning, P., … & 809 

Eisenhauer, N. (2015). Biodiversity increases the resistance of ecosystem productivity 810 

to climate extremes. Nature, 526, 574–577. 811 

Jablonka, E. (2017). The evolutionary implications of epigenetic inheritance. Interface Focus, 812 

7, 20160135. 813 

Janišová, M., Bartha, S., Kiehl, K., & Dengler, J. (2011). Advances in the conservation of dry 814 

grasslands: introduction to contributions from the seventh European Dry Grassland 815 

Meeting. Plant Biosystems – An International Journal Dealing with all Aspects of 816 

Plant Biology, 145(3), 507–513. 817 

Jacquemyn, H., De Meester, L, Jongejans, E., & Honnay, O. (2012). Evolutionary changes in 818 

plant reproductive traits following habitat fragmentation and their consequences for 819 

population fitness. Journal of Ecology, 100, 76–87. 820 

Jessen, M.-T., Auge, H., Harpole, W. S., & Eskelinen, A. (2023). Litter accumulation, not 821 

light limitation, drives early plant recruitment. Journal of Ecology, 111, 1174–1187. 822 

Johansson, L. J., Hall, K., Prentice, H. C., Ihse, M., Reitalu, T., Sykes, M. T., & Kindström, 823 

M. (2008). Semi-natural grassland continuity, long-term land-use change and plant 824 

species richness in an agricultural landscape on Öland, Sweden. Landscape and 825 

Urban Planning, 84, 200–211. 826 

Johansson, V. A., Cousins, S. A. O., & Eriksson, O. (2011). Remnant populations and plant 827 

functional traits in abandoned semi-natural grasslands. Folia Geobot., 46, 165–179. 828 

Johnson, D., Vandenkoornhuyse, P. J., Leake, J. R., Gilbert, L., Booth, R. E., Grime, J. P., 829 

Young, J. P. W., & Read, D. J. (2003). Plant communities affect arbuscular 830 

mycorrhizal fungal diversity and community composition in grassland microcosms. 831 

New Phytologist, 161, 503–515. 832 

Johnson, N. C., Rowland, D. L., Corkidi, L., & Allen, E. B. (2008). Plant winners and losers 833 

during grassland N-eutrophication differ in biomass allocation and mycorrhizas. 834 

Ecology, 89(10), 2868–2878. 835 



 

33 
 

Johnson, N. C., Wilson, G. W. T., Bowker, M. A., Wilson, J. A., & Miller, R. M. (2010). 836 

Resource limitation is a driver of local adaptation in mycorrhizal symbiosis. PNAS, 837 

107(5), 2093–2098. 838 

Johnson, N. C., Wilson, G. W. T., Wilson, J. A., Miller, R. M., & Bowker, M. A. (2015). 839 

Mycorrhizal phenotypes and the Law of the Minimum. New Phytologist, 205, 1473–840 

1484. 841 

Joyce, C. B. (2014). Ecological consequences and restoration potential of abandoned wet 842 

grasslands. Ecological Engineering, 66, 91–102. 843 

Kahmen, S. & Poschlod, P. (2004). Plant functional trait responses to grassland succession 844 

over 25 years. Journal of Vegetation Science, 15, 21–32. 845 

Kahmen, S., Poschlod, P., & Schreiber, K.-F. (2002). Conservation management of 846 

calcareous grasslands: changes in plant species composition and response of 847 

functional traits during 25 years. Biological Conservation, 104, 319–328. 848 

Kałucka, I. L., & Jagodziński, A.M. (2017). Ectomycorrhizal Fungi: A Major Player in Early 849 

Succession. In: Varma, A., Prasad, R., Tuteja, N. (eds) Mycorrhiza - Function, 850 

Diversity, State of the Art. Springer, Cham. 851 

Karlowsky, S., Augusti, A., Ingrisch, J., Hasibeder, R., Lange, M., Lavorel, S., Bahn, M., & 852 

Gleixner, G. (2018). Land use in mountain grasslands alters drought response and 853 

recovery of carbon allocation and plant-microbial interactions. Journal of Ecology, 854 

106, 1230–1243. 855 

Klaus, V. H., Schäfer, D., Prati, D., Busch, V., Hamer, U., However, C. J., Kleinebecker, T., 856 

Mertens, D., Fischer, M., & Hölzel, N. (2018). Effects of mowing, grazing and 857 

fertilization on soil seed banks in temperate grasslands in Central Europe. Agriculture, 858 

Ecosystems and Environment, 256, 211–217. 859 

Koch, H., Frickel, J., Valiadi, M., & Becks, L. (2014). Why rapid, adaptive evolution matters 860 

for community dynamics. Frontiers in Ecology and Evolution, 2(17), 1–10. 861 

Kübert, A., Götzm M., Kuester, E., Piayda, A., Werner, C., Rothfuss, Y., & Dubbert, M. 862 

(2019). Nitrogen loading enhances stress impact of drought on a semi-natural 863 

temperate grassland. Frontiers in Plant Science, 10, 1051. 864 

Kull, K., & Zobel, M. (1991). High species richness in an Estonian wooded meadow. Journal 865 

of Vegetation Science, 2, 711–714. 866 

Kulmatiski, A., Beard, K. H., Stevens, J. R., & Cobbold, S. M. (2008). Plant-soil feedbacks:  867 

a meta-analytical review. Ecology Letters, 11, 980–992. 868 



 

34 
 

Kuussaari, M., Bommarco, R., Heikkinen, R. K., Helm, A., Krauss, J., Lindborg, R., 869 

Öckinger, E., Pärtel, M., Pino, J., Rodà, F., Stefanescu, C., Teder, T., Zobel, M., & 870 

Steffan-Dewenter, I. (2009). Extinction debt: a challenge for biodiversity 871 

conservation. Trends in Ecology and Evolution, 24(10), 564–571. 872 

Laine, A.-L. (2004). Resistance variation within and among host populations in a plant-873 

pathogen metapopulation: implications for regional pathogen dynamics. Journal of 874 

Ecology, 92, 990–1000. 875 

Laine, A.-L. (2023). Plant disease risk is modified by multiple global change drivers. Current 876 

Biology, 33, R574–R583. 877 

Laliberté, E., Wells, J. A., DeClerck, F., Metcalfe, D. J., Catterall, C. P., Queiroz, C., Aubin, 878 

I., Bonser, S. P., Ding, Y., Fraterrigo, J. M., McNamara, S., Morgan, J. W., Sánchez 879 

Merlos, D., Vesk, P. A., & Mayfield, M. M. (2010). Land-use intensification reduces 880 

functional redundancy and response diversity in plant communities. Ecology Letters, 881 

13, 76–86. 882 

Lange, M., Roth, V.-N., Eisenhauer, N., Roscher, C., Dittmar, T., Fischer-Bedtke, C., 883 

González Macé, O., Heldebrandt, A., Milcu, A., Mommer, L., Oram, N. J., Ravenek, 884 

J., Scheu, S., Schmid, B., Strecker, T., Wagg, C., Weigelt, A., & Gleixnr, G. (2021). 885 

Plant diversity enhances production and downward transport of biodegradable 886 

dissolved organic matter. Journal of Ecology, 109, 1284–1297. 887 

Lauber, C. L., Ramirez, K. S., Aanderud, Z., Lennon, J., & Fierer, N. (2013). Temporal 888 

variability in soil microbial communities across land-use types. The ISME Journal, 7, 889 

1641–1650. 890 

Leff, J. W., Jones, S. E., Prober, S. M., Barberán, A., Borer, E. T., Firn, J. L., Harpole, W. S., 891 

Hobbie, S. E., Hofmockel, K. S., Knops, J. M. H.., McCulley, R. L., La Pierre, K., 892 

Risch, A. C., Seabloom, E. W., Schütz, M., Steenbock, C., Stevens, C. J., & Fierer, N. 893 

(2015). Consistent responses of soil microbial communities to elevated nutrient inputs 894 

in grasslands across the globe. PNAS, 112(35), 10967–10972. 895 

Legay, N., Baxendale, C., Grigulis, K., Krainer, U., Kastl, E., Schloter, M., Bardgett, R. D., 896 

Arnoldi, C., Bahn, M., Dumont, M., Poly, F., Pommier, T., Clément, J. C., & Lavorel, 897 

S. (2014). Contributions of above- and below-ground plant traits to the structure and 898 

function of grassland soil microbial communities. Annals of Botany, 114, 1011–1021. 899 

Lehmair, T. A., Pagel, E., Poschlod, P., & Reisch, C. (2020). Surrounding landscape 900 

structures, rather than habitat age, drive genetic variation of typical calcareous 901 

grassland plant species. Landscape Ecology, 35, 2881–2893. 902 



 

35 
 

Lehner, B., Döll, P., Alcamo, J. Henrichs, T., & Kaspar, F. (2006). Estimating the impact of 903 

global change on flood and drought risks in Europe: a continental, integrated analysis. 904 

Climatic Change, 75, 273–299. 905 

Lehtilä, K., Dahlgren, J. P., Begoña Garcia, M., Leimu, R., Syrjänen, K., & Ehrlén, J. (2016). 906 

Forest succession and population viability of grassland plants: long repayment of 907 

extinction debt in Primula veris. Oecologia, 181, 125–135. 908 

Leimu, R., & Fischer, M. (2008). A meta-analysis of local adaptation in plants. PloS ONE, 909 

3(12), e4010. 910 

Leimu, R., Mutikainen, P., Koricheva, J. & Fischer, M. (2006). How general are positive 911 

relationships between plant population size, fitness and genetic variation? Journal of 912 

Ecology, 94, 942–952. 913 

Lekberg, Y., Arnillas, C. A., Borer, E. T., Bullington, L. S., Fierer, N., Kennedy, P. G., Leff, 914 

J. W., Luis, A. D., Seabloom, E. W., & Henning, J. A. (2021). Nitrogen and 915 

phosphorus fertilization consistently favor pathogenic over mutualistic fungi in 916 

grassland soils. Nature Communications, 12, 3484. 917 

Lemmermeyer, S., Lörcher, L., van Kleunen, M., & Dawson, W. (2015). Testing the plant 918 

growth-defense hypothesis belowground: do faster-growing herbaceous plant species 919 

suffer more negative effects from soil biota than slower-growing ones? The American 920 

Naturalist, 186(2), 264–271. 921 

Lindborg, R., Cousins, S. A. O., & Eriksson, O. (2005). Plant species response to land use 922 

change – Campanula rotundifolia, Primula veris and Rhinanthus minor. Ecography, 923 

28, 29–36. 924 

Lortie, C. J., & Hierro, J. L. (2020). A synthesis of local adaptation to climate through 925 

reciprocal common gardens. Journal of Ecology, 110, 1015–1021. 926 

Louault, F., Pillar, V. D., Aufrère, J., Garnier, E., & Soussana, J.-F. (2005). Plant traits and 927 

functional types in response to reduced disturbance in a semi-natural grassland. 928 

Journal of Vegetation Science, 16, 151–160.  929 

Luo, S., Png, G. K., Ostle, N. J., Zhou, H., Hou, X., Luo, C., Quinton, J. N., Schaffner, U., 930 

Sweeney, C., Wang, D., Wu, J., Wu, Y., & Bardgett, R. D. (2023). Grassland 931 

degradation-induced declines in soil fungal complexity reduce fungal community 932 

stability and ecosystem multifunctionality. Soil Biology and Biochemistry, 176, 933 

108865. 934 



 

36 
 

Manning, P., Morrison, S. A., Bonkowski, M., & Bardgett, R. D. (2008). Nitrogen 935 

enrichment modifies plant community structure via changes to plant-soil feedback. 936 

Oecologia, 157, 661–673. 937 

Medina-Roldán, E., & Bardgett, R. D. (2011). Plant and soil responses to defoliation: a 938 

comparative study of grass species with contrasting life history strategies. Plant Soil, 939 

344, 377–388. 940 

Micallef, S. A., Shiaris, M. P., & Colón-Carmona, A. (2009). Influence of Arabidopsis 941 

thaliana accessions on rhizobacterial communities and natural variation in root 942 

exudates. Journal of Experimental Botany, 60(6), 1729–1742. 943 

Miller, R. M., Wilson, G. W. T., & Johnson, N. C. (2012). Arbuscular mycorrhizae and 944 

grassland ecosystems. In: Southworth, D. (ed) Biocomplexity of Plant-Fungal 945 

Interactions. Wiley. 946 

Mitchell, C. E., Tilman, D., & Groth, J. V. (2002). Effects of grassland plant species 947 

diversity, abundance, and composition on foliar fungal disease. Ecology, 83(6), 1713–948 

1726. 949 

Monson, R. K., Trowbridge, A. M., Lindroth, R. L., & Lerdau, M. T. (2022). Coordinated 950 

resource allocation to plant growth-defense tradeoffs. New Phytologist, 233, 1051–951 

1066. 952 

Montoya, J. M., & Raffaelli, D. (2010). Climate change, biotic interactions and ecosystem 953 

services. Phil. Trans. R. Soc. B., 365, 2013–2018. 954 

Mony, C., Vannier, N., Brunellière, P., Biget, M., Coudouel, S., & Vandenkoornhuyse, P. 955 

(2020). The influence of host-plant connectivity on fungal assemblages in the root 956 

microbiota of Brachypodium pinnatum. Ecology, 101, e02976. 957 

Mony, C., Uroy, L., Khalfallah, F., Haddad, N., & Vandenkoornhuyse, P. (2022). Landscape 958 

connectivity for the invisibles. Ecography, e06041. 959 

Mooney, H., Larigauderie, A., Cesario, M., Elmquist, T., Hoegh-Guldberg, O., Lavorel, S., 960 

Mace, G. M., Palmer, M., Scholes, R., & Yahara, T. (2009). Biodiversity, climate 961 

change, and ecosystem services. Current Opinion in Environmental Sustainability, 1, 962 

46–54. 963 

Morris, E. K., Morris, D. J. P., Vogt, S., Gleber, S. C., Bigalke, M., Wilcke, W., & Rillig, M. 964 

C. (2019). Visualizing the dynamics of soil aggregation as affected by arbuscular 965 

mycorrhizal fungi. The ISME journal, 13(7), 1639-1646. 966 

Musche, M., Settele, J., & Durka, W. (2008). Genetic population structure and reproductive 967 

fitness in the plant Sanguisorba officinalis in populations supporting colonies of an 968 



 

37 
 

endangered Maculinea butterfly. International Journal of Plant Sciences, 169(2), 969 

253–262. 970 

Münzbergová, Z., Cousins, S. A. O., Herben, T., Plačková, I., Mildén, M. & Ehrlén, J. 971 

(2013). Historical habitat connectivity affects current genetic structure in a grassland 972 

species. Plant Biology, 15, 195–202. 973 

Narula, N., Kothe, E., & Behl, R. K. (2009). Role of root exudates in plant-microbe 974 

interactions. Journal of Applied Botany and Food Quality, 82, 122–130. 975 

Neuenkamp, L., Lewis, R. J., Koorem, K., Zobel, K., & Zobel, M. (2016). Changes in 976 

dispersal and light capturing traits explain post-abandonment community change in 977 

semi-natural grasslands. Journal of Vegetation Science, 27, 1222–1232. 978 

Neuenkamp, L., Moora, M., Öpik, M., Davison, J., Gerz, M., Männistö, M., Jairus, T., Vasar, 979 

M., & Zobel, M. (2018). The role of plant mycorrhizal type and status in modulating 980 

the relationship between plant and arbuscular mycorrhizal fungal communities. New 981 

Phytologist, 220, 1236–1247. 982 

Newbold, T., Hudson, L. N., Hill, S. L. L., Contu, S., Lysenko, I., Senior, R. A., Börger, L., 983 

Bennett, D. J., Choimes, A., Collen, B., Day, J., De Palma, A., Díaz, S., Echeverria-984 

Londoño, Edgar, M. J., Feldman, A., Garon, M., Harrison, M. L. K., Alhusseini, T., 985 

… & Purvis., A. (2015). Global effects of land use on local terrestrial biodiversity. 986 

Nature, 520, doi:10.1038/nature14324 987 

Nerlekar, A. N., & Veldman, J. W. (2020). High plant diversity and slow assembly of old-988 

growth grasslands. PNAS, 117(31), 18550–18556. 989 

Neyret, M., Le Provost, G., Boesing, A. L., Schneider, F. D., Baulechner, D., Bergmann, J., 990 

de Vries, F. T., Fiore-Donno, A. M., Geisen, S., Goldmann, K., Merges, A., 991 

Saifutdinov, R. A., Simons, N. K., Tobias, J. A., Zaitsev, A. S., Gossner, M. M., Jung, 992 

K., Kandeler, E., Krauss, J., … & Manning, P. (2024). A slow-fast trait continuum at 993 

the whole community level in relation to land-use intensification. Nature 994 

Communications, 15, 1251. 995 

Nielsen, T. F., Sand-Jensen, K., & Bruun, H. H. (2021). Drier, darker and more fertile: 140 996 

years of plant habitat change driven by land-use intensification. Journal of Vegetation 997 

Science, 32, e13066. 998 

Nordstrom, S.W., Hufbauer, R.A., Olazcuaga, L., Durkee, L.F. & Melbourne, B.A. (2023). 999 

How density dependence, genetic erosion and the extinction vortex impact 1000 

evolutionary rescue. Proceedings of the Royal Society B: Biological Sciences, 290, 1001 

20231228. 1002 



 

38 
 

O'Mara, F. P. (2012). The role of grasslands in food security and climate change. Annals of 1003 

Botany, 110, 1263–1270. 1004 

Odat, N., Jetschke, G., & Hellwig, F. H. (2004). Genetic diversity of Ranunculus acris L. 1005 

(Ranunculaceae) populations in relation to species diversity and habitat type in 1006 

grassland communities. Molecular Ecology, 13, 1251–1257. 1007 

Odat, N., Hellwig, F. H., Jetschke, G., & Fischer, M. (2010). On the relationship between 1008 

plant species diversity and genetic diversity of Plantago lanceolata (Plantaginaceae) 1009 

within and between grassland communities. Journal of Plant Ecology, 3(1), 41–48. 1010 

Oduor, A. M. O., Leimu, R., & van Kleunen, M. (2016). Invasive plant species are locally 1011 

adapted just as frequently and at least as strongly as native plant species. Journal of 1012 

Ecology, 104, 957–968. 1013 

Oliver, T. H., Heard, M. S., Isacc, N. J. B., Roy, D. B., Procter, D., Eigenbrod, F., Freckleton, 1014 

R., Hector, A., Orme, C. D. L., Petchey, O. L., Proença, V., Raffaelli, D., Suttle, K. 1015 

B., Mace, G. M., Martín-López, B., Woodcock, B. A., & Bullock, J. M. (2015). 1016 

Trends in Ecology & Evolution, 30(11), 673–684. 1017 

Oram, N. J., Ingrisch, J., Bardgett, R. D., Brennan, F., Dittmann, G., Gleixner, G., Illmer, P., 1018 

Praeg, N., & Bahn, M. (2023). Drought intensity alters productivity, carbon allocation 1019 

and plant nitrogen uptake in fast versus slow grassland communities. Journal of 1020 

Ecology, 111, 1681–1699. 1021 

Ostfeld, R. S. & Keesing, F. (2012). Effects of host diversity on infectious disease. Annu. 1022 

Rev. Ecol. Evol. Syst., 43, 157–182. 1023 

Pagel, E., Lehmair, T. A., Poschlod, P., & Reisch, C. (2020). Genetic variation of typical 1024 

plant species in hay meadows: the effect of land use history, landscape structure, and 1025 

habitat quality. Frontiers in Ecology and Evolution, 8, 593302. 1026 

Panchal, P., Preece, C., Peñuelas, J., & Giri, J. (2022). Soil carbon sequestration by root 1027 

exudates. Trends in Plant Science, 27(8), 749–757. 1028 

Paudel, S., Cobb, A. B., Boughton, E. H., Spiegal, S., Bougton, R. K. Silveira, M. L., Swain, 1029 

H. M., Reuter, R., Goodman, L. E., & Steiner, J. L. (2021). A framework for 1030 

sustainable management of ecosystem services and disservices in perennial grassland 1031 

agroecosystems. Ecosphere, 12(11), e03837. 1032 

Peco, B., Navarro, E., Carmona, C. P., Medina, N. G., & Marques, M. J. (2017). Effects of 1033 

grazing abandonment on soil multifunctionality: the role of plant functional traits. 1034 

Agriculture, Ecosystems, and Environment, 249, 215–225. 1035 



 

39 
 

Petipas, R.H., Geber, M.A. & Lau, J.A. (2021) Microbe-mediated adaptation in plants. 1036 

Ecology Letters, 24, 1302-1317. 1037 

Pichon, N. A., Cappelli, S. L., Soliveres, S., Hölzel, N., Klaus, V. H., Kleinebecker, T., & 1038 

Allan, E. (2020). Decomposition disentangled: a test of the multiple mechanisms by 1039 

which nitrogen enrichment alters litter decomposition. Functional Ecology, 34, 1485–1040 

1496. 1041 

Picó, F. X. & van Groenendael, J. (2007). Large-scale plant conservation in European semi-1042 

natural grasslands: a population genetic perspective. Diversity and Distribution, 13, 1043 

920–926. 1044 

Pluess, A. R. (2013). Meta-analysis reveals microevolution in grassland plant species under 1045 

contrasting management. Biodiversity Conservation, 22, 2375–2400. 1046 

Poschlod, P., & WallisDeVries, M. F. (2002). The historical and socioeconomic perspective 1047 

of calcareous grasslands – lessons from the distant and recent past. Biological 1048 

Conservation, 104, 361–376. 1049 

Poschlod, P., Bakker, J. P., & Kahmen, S. (2005). Changing land use and its impact on 1050 

biodiversity. Basic and Applied Ecology, 6, 93–98. 1051 

Prentice, H. C., Lönn, M., Rosquist, G., Ihse, M. & Kindström, M. (2006). Gene diversity in 1052 

a fragmented population of Briza media: grassland continuity in a landscape context. 1053 

Journal of Ecology, 94, 87–97. 1054 

Prieto, I., Violle, C., Barre, P., Durand, J-.L., Ghesquiere, M., & Litrico, I. (2015). 1055 

Complementary effects of species and genetic diversity on productivity and stability 1056 

of sown grasslands. Nature Plants, 1, 15033. 1057 

Puy, J., Carmona, C. P., Hiiesalu, I., Öpik, M., de Bello, F., & Moora, M. (2022). 1058 

Mycorrhizal symbiosis alleviates plant water deficit within and across generations via 1059 

phenotypic plasticity. Journal of Ecology, 110, 262–276. 1060 

Pykälä, J. (2005). Plant species responses to cattle grazing in mesic semi-natural grassland. 1061 

Agriculture, Ecosystems and Environment, 108, 109–117. 1062 

Ramankutty, N., Evan, A. T., Monfreda, C., & Foley, J. A. (2008). Farming the planet: 1. 1063 

Geographic distribution of global agricultural lands in the year 2000. Global 1064 

Biogeochemical Cycles, 22, GB1003.  1065 

Ratajczak, Z., Nippert, J. B., & Collins, S. L. (2012). Woody encroachment decreases 1066 

diversity across North American grasslands and savannas. Ecology, 93(4), 697–703. 1067 

Reinula, I., Träger, S., Hernández-Agramonte, I. M., Helm, A. & Aavik, T. (2021). 1068 

Landscape genetic analysis suggests stronger effects of past than current landscape 1069 



 

40 
 

structure on genetic patterns of Primula veris. Diversity and Distribution, 27, 1648–1070 

1662. 1071 

Reisch, C., & Hartig, F. (2020). Species and genetic diversity patterns show different 1072 

responses to land use intensity in central European grasslands. Diversity and 1073 

Distribution, 27, 392–401. 1074 

Reisch, C., & Schmid, C. (2019). Species and genetic diversity are not congruent in 1075 

fragmented dry grasslands. Ecology and Evolution, 9, 664–671. 1076 

Remke, M. J., Johnson, N. C., Wright, J., Williamson, M., & Bowker, M. A. (2021). 1077 

Sympatric pairings of dryland grass populations, mycorrhizal fungi and associated soil 1078 

biota enhance mutualism and ameliorate drought stress. Journal of Ecology, 109, 1079 

1210–1223. 1080 

Reusch, T. B. H., Ehlers, A., Hämmerli, A., & Worm, B. (2005). Ecosystem recover after 1081 

climatic extremes enhanced by genotypic diversity. PNAS, 102(8), 2826–2831. 1082 

Revillini, D., Gehring, C. A., & Johnson, N. C. (2016). The role of locally adapted 1083 

mycorrhizas and rhizobacteria in plant-soil feedback systems. Functional Ecology, 30, 1084 

1086–1098. 1085 

Richards, E. J. (2011). Natural epigenetic variation in plant species: a view from the field. 1086 

Current Opinion in Plant Biology, 14, 204–209. 1087 

Roach, D. A., & Wulff, R. D. (1987). Maternal effects in plants. Annual Review of Ecology 1088 

and Systematics, 18, 209–235. 1089 

Rúa, M. A., Antoninka, A., Antunes, P. M., Chaudhary, V. B., Gehring, C., Lamit, L. J., 1090 

Piculell, B. J., Bever, J. D., Zabinski, C., Meadow, J. F., Lajeunesse, M. J., Milligan, 1091 

B. G., Karst, J., & Hoeksema, J. D. (2016). Home-field advantage? Evidence of local 1092 

adaptation among plants, soil, and arbuscular mycorrhizal fungi through meta-1093 

analysis. BMC Evolutionary Biology, 16, 122. 1094 

Saar, L., Takkis, K., Pärtel, M., & Helm, A. (2012). Which plant traits predict species loss in 1095 

calcareous grasslands with extinction debt? Diversity and Distributions, 18, 808–817. 1096 

Santangelo, J. S., Ness, R. W., Cohan, B., Fitzpatrick, C. R., Innes, S. G., Koch, S., Miles, L. 1097 

S., Munim, S., Peres-Nato, P. R., Prashad, C., Tong, A. T., Aguirre, W. E., Akinwole, 1098 

P. O., Alberti, M., Álvarez, J., Anderson, J. T., Anderson, J. J., Ando, Y., Andrew, N. 1099 

R., … & Johnson, M. T. J. (2022). Global urban environmental change drives 1100 

adaptation in white clover. Science, 375(6586), 1275–1281. 1101 



 

41 
 

Saran, E., Dusza-Zwolińska, E., & Gamrat, R. (2019). Plant species richness in fragmented 1102 

agricultural landscape – meta-analysis. Applied Ecology and Environmental Research, 1103 

17(1), 55–81. 1104 

Schils, R. L. M., Bufe, C., Rhymer, C. M., Francksen, R. M., Klaus, V. H., Abdalla, M., 1105 

Milazzo, F., Lellei-Kovács, E., ten Berge, H., Bertora, C., Chodkiewicz, A., 1106 

Dǎmǎtîrcǎ, C., Feigenwinter, I., Fernández-Rebollo, P., Ghiasi, S., Hejduk, S., Hiron, 1107 

M., Janicka, M., Pellaton, R., … & Price, J. P. N. (2022). Permanent grasslands in 1108 

Europe: land use change and intensification decrease their multifunctionality. 1109 

Agriculture, Ecosystems and Environment, 330, 107891. 1110 

Schmitt, M., Wohlfahrt, G., Tappeiner, U., & Cernusca, A. (2010). Land use affects the net 1111 

ecosystem CO2 exchange and its components in mountain grasslands. Biogeosciences, 1112 

7, 2297–2309. 1113 

Schrama, M., Quist, C. W., de Groot, G. A., Cieraad, E., Ashworth, D., Laros, I., Hestbjerg 1114 

Hansen, L., Leff, J., Fierer, N., & Bardgett, R. D. (2023). Cessation of grazing causes 1115 

biodiversity loss and homogenization of soil food webs. Proc. Roy. Soc. B., 290, 1116 

20231345. 1117 

Schweitzer, J. A., Bailey, J. K., Hart, S. C., & Whitham, T. G. (2005). Nonadditive effects of 1118 

mixing cottonwood genotypes on litter decomposition and nutrient dynamics. 1119 

Ecology, 86(10), 2834–2840. 1120 

Semchenko, M., Saar, S., & Lepik, A. (2017). Intraspecific genetic diversity modulates plant-1121 

soil feedback and nutrient cycling. New Phytologist, 216, 90–98. 1122 

Semchenko, M., Leff, J. W., Lozano, Y. M., Saar, S., Davison, J., Wilkinson, A., Jackson, B. 1123 

G., Pritchard, W. J., De Long, J. R., Oakley, S., Mason, K. E., Ostle, N. J., Baggs, E. 1124 

M., Johnson, D., Fierer, N., & Bardgett, R. D. (2018). Fungal diversity regulates 1125 

plant-soil feedbacks in temperate grassland. Sciences Advances, 4, eaau4578. 1126 

Semchenko, M., Xue, P., & Leigh, T. (2021). Functional diversity and identity of plant 1127 

genotypes regulate rhizodeposition and soil microbial activity. New Phytologist, 232, 1128 

776–787. 1129 

Semchenko, M., Barry, K. E., de Vries, F. T., Mommer, L., Moora, M., & Maciá‐Vicente, J. 1130 

G. (2022). Deciphering the role of specialist and generalist plant–microbial 1131 

interactions as drivers of plant–soil feedback. New Phytologist, 234(6), 1929-1944. 1132 

Silva, J. P., Toland, J., Jones, W., Eldridge, J., Thorpe, E., & O’Hara, E. (2008). Life and 1133 

Europe’s grasslands: restoring a forgotten habitat. European Commission 1134 

Environment Directorate-General. DOI: 10.2779/23028 1135 



 

42 
 

Silvertown, J., Biss, P. M., & Freeland, J. (2009). Community genetics: resource addition has 1136 

opposing effects on genetic and species diversity in a 150-year experiment. Ecology 1137 

Letters, 12, 165–170. 1138 

Smakowska, E., Kong, J., Busch, W., & Belkhadir, Y. (2016). Organ-specific regulation of 1139 

growth-defense tradeoffs by plants. Current Opinion in Plant Biology, 29, 129–137. 1140 

Smith, P., Calvin, K., Nkem, J., Campbell, D., Cherubini, F., Grassi, G., Korotkov, V., 1141 

Hoang, A. L., Lwasa, S., McElwee, P., Nkonya, E., Siagusa, N., Sussana, J.-F., 1142 

Taboada, M. A., Manning, F. C., Nampanzira, D., Arias-Navarro, C., Vizzarri, M., 1143 

House, … & Arneth., A. (2019). Which practices co-deliver food security, climate 1144 

change mitigation and adaptation, and combat land degradation and desertification? 1145 

Global Change Biology, 26, 1532–1575. 1146 

Smith, S. E., & Read, D. J. (2008). Mycorrhizal symbiosis. Third edition. Academic, London, 1147 

UK. 1148 

Snaydon, R. W. (1970). Rapid population differentiation in a mosaic environment. I. The 1149 

response of Anthoxanthum odoratum populations to soils. Evolution, 24(2), 257–269. 1150 

Snaydon, R. W., & Davies, M. S. (1972). Rapid population differentiation in a mosaic 1151 

environment. II. Morphological variation in Anthoxanthum odoratum. Evolution, 1152 

26(3), 390–405. 1153 

Snaydon, R. W., & Davies, T. M. (1982). Rapid divergence of plant populations in response 1154 

to recent changes in soil conditions. Evolution, 36(2), 289–297. 1155 

Sollenberger, L. E., Kohmann, M. M., Dubeux, J. C. B. Jr., & Silveira, M. L. (2019). 1156 

Grassland management affects delivery of regulating and supporting ecosystem 1157 

services. Crop Science, 59, 441–459. 1158 

Souther, S., Loeser, M., Crews, T. E., & Sisk, T. (2020). Drought exacerbates negative 1159 

consequences of high-intensity cattle grazing in a semiarid grassland. Ecological 1160 

Applications, 30(3), e02048. 1161 

Stampfli, A., Bloor, J. M. G., Fischer, M., & Zieter, M. (2018). High land-use intensity 1162 

exacerbates shifts in grassland vegetation composition after severe experimental 1163 

drought. Global Change Biology, 24, 2021–2034. 1164 

Strijker, D. (2005). Marginal lands in Europe – causes of decline. Basic and Applied Ecology, 1165 

6, 99–106. 1166 

Stöcklin, J., Kuss, P., & Pluess, A. R. (2009). Genetic diversity, phenotypic variation and 1167 

local adaptation in the alpine landscape: case studies with alpine plant species. 1168 

Botanica Helvetica, 119, 125–133. 1169 



 

43 
 

Suding, K. N., Collins, S. L., Gough, L., Clark, C., Cleland, E. E., Gross, K. L., Milchunas, 1170 

D. G., & Pennings, S. (2005). Functional- and abundance-based mechanisms explain 1171 

diversity loss due to N fertilization. PNAS, 102(12), 4387–4392. 1172 

Sultan, S. E. (2000). Phenotypic plasticity for plant development, function and life history. 1173 

Trends in Plant Science, 5(12), 537–542. 1174 

Tian, Z., Li, W., Kou, Y., Dong, X., Liu, H., Yang, X., Dong, Q., & Chen, T. (2023). Effects 1175 

of different livestock grazing on foliar fungal diseases in an alpine grassland on the 1176 

Qinghai-Tibet plateau. Journal of Fungi, 9, 949. 1177 

Taylor, D. R., Aarssen, L. W., & Loehle, C. (1990). On the relationship between r/K selection 1178 

and environmental carrying capacity: a new habitat templet for plant life history 1179 

strategies. Oikos, 58, 239–250. 1180 

Teixeira, J.C. & Huber, C.D. (2021) The inflated significance of neutral genetic diversity in 1181 

conservation genetics. Proceedings of the National Academy of Sciences, 118, 1182 

e2015096118. 1183 

Thion, C. E., Poirel, J. D., Cornulier, T., de Vries, F. T., Bardgett, R. D., & Prosser, J. I. 1184 

(2016). Plant nitrogen-use strategy as a driver of rhizosphere archaeal and bacterial 1185 

ammonia oxidizer abundance. FEMS Microbiology Ecology, 92, fiw091. 1186 

Thrall, P. H., Burdon, J. J., & Young, A. (2001). Variation on resistance and virulence among 1187 

demes of a plant host-pathogen metapopulation. Journal of Ecology, 89, 736–748. 1188 

Tilman, D., Reich, P. B., & Knops, J. M. H. (2006a). Biodiversity and ecosystem stability in 1189 

a decade-long grassland experiment. Nature, 441, 629–632. 1190 

Tilman, D., Hill, J., & Lehman, C. (2006b). Carbon-negative biofuels from low-input high-1191 

diversity grassland biomes. Science, 314, 1598–1600. 1192 

Treydte, K., Liu, L., et al. (2024). Recent human-induced atmospheric drying across Europe 1193 

unprecedented in the last 400 years. Nature Geoscience, 17, 58–65. 1194 

Trnka, M., Olesen, J. E., Kersebaum, K. C., et al. (2011). Agroclimatic conditions in Europe 1195 

under climate change. Global Change Biology, 17(1), 2298–2318. 1196 

Träger, S., Rellstab, C., Reinula, I., Zemp, N., Helm, A., Holderegger, R., & Aavik, T. 1197 

(2021). The effect of recent habitat change on genetic diversity at putatively adaptive 1198 

and neutral loci in Primula veris in semi-natural grasslands. bioRxiv, 2021-05. 1199 

Tsiafouli, M. A., Thébault, E., Sgardelis, S. P., de Ruiter, P. C., van der Putten, W. H., 1200 

Birkhofer, K., Hemerik, L., de Vries, F. T., Bardgett, R. D., Brady, M. V., Bjornlund, 1201 

L., Jørgensen, H. B., Christensen, S., Hertefeldt, T. D., Hotes, S., Gera Hol, W. H., 1202 



 

44 
 

Frouz, J., Liiri, M., Mortimer, S. R., … & Hedlund, K. (2015). Intensive agriculture 1203 

reduces soil biodiversity across Europe. Global Change Biology, 21, 973–985. 1204 

Van Nuland, M. E., Bailey, J. K., & Schweitzer, J. A. (2017). Divergent plant-soil feedbacks 1205 

could alter future elevation ranges and ecosystem dynamics. Nature Ecology & 1206 

Evolution, 1, 0150. 1207 

van ‘t Veen, H., Chalmandrier, L., Sandau, N., Nobis, M. P., Descombes, P., Psomas, A., 1208 

Hautier, Y., & Pellissier, L. (2020). A landscape-scale assessment of the relationship 1209 

between grassland functioning, community diversity, and functional traits. Ecology 1210 

and Evolution, 10, 9906–9919. 1211 

Veresoglou, S. D., Barto, E. K., Menexes, G., & Rillig, M. C. (2013). Fertilization affects 1212 

severity of disease caused by fungal plant pathogens. Plant Pathology, 62, 961–969. 1213 

Vogel, A., Scherer-Lorenzen, M., & Wiegelt, A. (2012). Grassland resistance and resilience 1214 

after drought depends on management intensity and species richness. PloS ONE, 7(5), 1215 

e36992. 1216 

Vojtech, E., Turnbull, L. A., & Hector, A. (2007). Differences in light interception in grass 1217 

monocultures predict short-term competitive outcomes under productive conditions. 1218 

PloS ONE, 6, e499. 1219 

de Vries, F. T., van Groenigen, J. W., Hoffland, E., & Bloem, J. (2011). Nitrogen losses from 1220 

two grassland soils with different fungal biomass. Soil Biology & Biochemistry, 43, 1221 

997–1005. 1222 

de Vries, F. T., Bloem, J., Quirk, H., Stevens, C. J., Bol, R., & Bardgett, R. D. (2012a). 1223 

Extensive management promotes plant and microbial nitrogen retention in temperate 1224 

grassland. PLOS ONE, 7(12), e51201. 1225 

de Vries, F. T., Liiri, M. E., Bjørnlund, L., Bowker, M. A., Christensen, S., Setälä, H. M., & 1226 

Bardgett, R. D. (2012b). Land use alters the resistance and resilience of soil food webs 1227 

to drought. Nature Climate Change, 2, 276–280. 1228 

de Vries, F. T., Lau, J., Hawkes, C., & Semchenko, M. (2023). Plant-soil feedback under 1229 

drought: does history shape the future? Trends in Ecology & Evolution, 38(8), 708–1230 

718. 1231 

Völler, E., Auge, H., Prati, D., Fischer, M., Hemp, A., & Bossdorf, O. (2012). Geographical 1232 

and land-use effects on seed-mass variation in common grassland plants. Basic and 1233 

Applied Ecology, 13, 395–404. 1234 

Völler, E., Auge, H., Bossdorf, O., & Prati, D. (2013). Land use causes genetic differentiation 1235 

of life-history traits in Bromus hordeaceus. Global Change Biology, 19, 892–899. 1236 



 

45 
 

Völler, E., Bossdorf, O., Prati, D., & Auge, H. (2017). Evolutionary responses of land use to 1237 

eight common grassland plants. Journal of Ecology, 105, 1290-1297. 1238 

Vellend, M. & Geber, M.A. (2005) Connections between species diversity and genetic 1239 

diversity. Ecology Letters, 8, 767-781. 1240 

Wagg, C., O’Brien, M. J., Vogel, A., Scherer-Lorenzen, M., Eisenhauer, N., Schmid, B., & 1241 

Weigelt, A. (2017). Plant diversity maintains long-term ecosystem productivity under 1242 

frequent drought by increasing short-term variation. Ecology, 98(11), 2952–2961. 1243 

Wagg, C., Schlaeppi, K., Banerjee, S., Kuramae, E. E., & van der Heijden, M. G. A. (2019). 1244 

Fungal-bacterial diversity and microbiome complexity predict ecosystem functioning. 1245 

Nature Communications, 10, 4841. 1246 

Wahlman, H., & Milberg, P. (2002). Management of semi-natural grassland vegetation: 1247 

evaluation of a long-term experiment in southern Sweden. Annales Botanici Fennici, 1248 

39(2), 159–166. 1249 

Walters, D. R., & Bingham, I. J. (2007). Influence of nutrition on disease development 1250 

caused by fungal pathogens: implications for plant diseas control. Annals of Applied 1251 

Botany, 151, 307–324. 1252 

Wang, M., Murphy, M. T., & Moore, T. R. (2014). Nutrient resorption of two evergreen 1253 

shrubs in response to long-term fertilization in a bog. Oecologia, 174, 365–377. 1254 

Ward, S. E., Smart, S. M., Quirk, H., Tallowin, J. R. B., Mortimer, S. R., Shiel, R. S., Wilby, 1255 

A., & Bardgett, R. D. (2016). Legacy effects of grassland management on soil carbon 1256 

to depth. Global Change Biology, 22, 2929–2938. 1257 

Weigelt, A., Mommer, L, Andraczek, K., Iversen, C. M., Bergmann, J., Bruelheide, H., Fan, 1258 

Y., Freschet, G. T., Guerrero-Ramírez, N. R., Kattge, J., Kuyper, T. W., Laughlin, D. 1259 

C., Meier, I. C., van der Plas, F., Poorter, H., Roumet, C. van Ruijven, J., Sabatini, F. 1260 

M., Semchenko, M., … & McCormack, M. L. (2021). An integrated framework of 1261 

plant form and fucntion: the belowground perspective. New Phytologist, 232, 42–59. 1262 

Weiss, L., & Jeltsch, F. (2015). The response of simulated grassland communities to the 1263 

cessation of grazing. Ecological Modelling, 303, 1–11. 1264 

Wennström, A., & Ericson, L. (1991). Variation in disease incidence in grazed and ungrazed 1265 

sites for the system Pulsatilla pratensis – Puccinia pulsatillae. Oikos, 60(1), 35–39. 1266 

Willems, J. H. (1983). Species composition and above ground phytomass in chalk grassland 1267 

with different management. Vegetatio, 52, 171–180. 1268 

Wilson, G. W. T., Rice, C. W., Rillig, M. C., Springer, A., & Hartnett, D. C. (2009). Soil 1269 

aggregation and carbon sequestration are tightly correlated with the abundance of 1270 



 

46 
 

arbuscular mycorrhizal fungi: results from long-term field experiments. Ecology 1271 

Letters, 12, 452–461. 1272 

Wilson, J. B., Peet, R. K., Dengler, J. & Pärtel, M. (2012). Plant species richness: the world 1273 

records. Journal of Vegetation Science, 23, 796–802. 1274 

Wilson, C. H., Strickland, M. S., Hutchings, J. A., Bianchi, T. S., & Flory, S. L. (2018). 1275 

Grazing enhances belowground carbon allocation, microbial biomass, and soil carbon 1276 

in a subtropical grassland. Global Change Biology, 24, 2997–3009. 1277 

Wehn, S., Taugourdeau, S., Johansen, L., & Hovstad, K. A. (2017). Effects of abandonment 1278 

on plant diversity in semi-natural grasslands along soil and climate gradients. Journal 1279 

of Vegetation Science, 28, 838–847. 1280 

Whitlock, R. (2014). Relationships between adaptive and neutral genetic diversity and 1281 

ecological structure and functioning: a meta-analysis. Journal of Ecology, 102, 857–1282 

872. 1283 

Williams, A., & de Vries, F. T. (2020). Plant root exudation under drought: implications for 1284 

ecosystem functioning. New Phytologist, 225, 1899–1905. 1285 

Wright, I. J., Reich, P. B., Westoby, M., Ackerly, D. D., Baruch, Z., Bongers, F., Cavender-1286 

Bares, J., Chapin, T., Cornelissen, J. H. C., Diemer, M., Flexas, J., Garnier, E., 1287 

Groom, P. K., Gulias, J., Hikosaka, K., Lamont, B. B., Lee, T., Lee, W., Lusk, C., … 1288 

& Villar, R. (2004). The worldwide leaf economics spectrum. Nature, 428, 821–827. 1289 

Xi, N., Adler, P. B., Chen, D., Wu, H., Catford, J. A., van Bodegom, P. M., Bahn, M., 1290 

Crawford, K. M., & Chu, C. (2021). Relationships between plant-soil feedbacks and 1291 

functional traits. Journal of Ecology, 109, 3411–3423. 1292 

Xu, C., McDowell, N. G., Fischer, R. A., Wei, L., Sevanto, S., Christoffersen, B. O., Weng, 1293 

E., & Middleton, R. S. (2019). Increasing impacts of extreme droughts on vegetation 1294 

productivity under climate change. Nature Climate Change, 9, 948–953. 1295 

in ‘t Zandt, D., van den Brink, A., de Kroon, H., & Visser, E. J. W. (2019). Plant-soil 1296 

feedback is shut down when nutrients come to town. Plant Soil, 439, 541–551. 1297 

Zhang, Y., Nan, Z., & Xin, X. (2020). Response of plant fungal diseases to beef cattle 1298 

grazing intensity in Hulunber grassland. Plant Disease, 104, 2905–2913. 1299 

Zobel, M. (1997). The relative role of species pools in determining plant species richness: an 1300 

alternative explanation of species coexistence? Trends in Ecology and Evolution, 1301 

12(7), 266–269. 1302 

Zobel, M. (2016). The species pool concept as a framework for studying patterns of plant 1303 

diversity. Journal of Vegetation Science, 27(1), 8–18. 1304 



 

47 
 

Zobel, M., Koorem, K., Moora, M., Semchenko, M., & Davison, J. (2024). Symbiont 1305 

plasticity as a driver of plant success. New Phytologist, 2024, 1–13.  1306 



 

48 
 

Acknowledgements 1307 

Funding for this research was provided by a European Research Council Consolidator grant 1308 

(#101044424 PlantSoilAdapt) to MS, the Centre of Excellence AgroCropFuture, and the 1309 

Estonian Research Council grants PRG1751 (to TA) and PRG1836 (to KK). JLE 1310 

acknowledges additional support from the Fellows Initiative in Natural Sciences at the 1311 

Norwegian University of Science and Technology. 1312 

 1313 

Author Contributions 1314 

This research was conceptualized by MS and JLE. JLE and MS wrote the first draft of the 1315 

manuscript. All authors contributed to and approved the final version of the manuscript. 1316 

 1317 

Data Availability 1318 

This manuscript does not use data.  1319 



 

49 
 

Supplementary Table 1: Literature on how land use intensification or abandonment 1320 

affects various characteristics of semi-natural grassland plant communities or 1321 

populations. This list includes published empirical studies, reviews, meta-analyses, special 1322 

feature introductions, and book chapters that include focus on the topic of how land use 1323 

intensification or abandonment affects semi-natural grassland. This list is not exhaustive; 1324 

rather, it is intended as a resource and to highlight discrepancies in the amount of focus that 1325 

has been placed on communities versus populations and on various topics. Various 1326 

characteristics of semi-natural grassland plants (or their associated microbes or soil 1327 

environments) are listed in approximately the same order as they appear in Fig. 2 and in 1328 

which they are primarily discussed in our review. Most empirical studies appearing here 1329 

explicitly test for the effect of intensification or abandonment on one or more of the listed 1330 

characteristics in i) a field observational study (e.g., paired intensified or abandoned vs. 1331 

extensively-managed grasslands), ii) a controlled experiment (e.g., with treatments 1332 

mimicking land use intensification or abandonment), or iii) a theoretical model. Plant 1333 

competition experiments with species that increase in abundance during intensification or 1334 

abandonment versus grassland specialist species are also included. Reviews, meta-analyses, 1335 

etc. appear in bold. Within a category, literature sources are listed chronologically. 1336 

 1337 

Characteristic 
Intensification Abandonment 

Community Population Community Population 

Diversity or 

composition 

(species, 

genetic, or 

functional) 

1. During & 

Willems 1984  

2. Kull & Zobel 

1991 

3. Austrheim et 

al. 1999 

4. Cousins & 

Eriksson 

2002 

5. Fédoroff et al. 

2005 

6. van Diggelen 

et al. 2005 

7. Isselstein et 

al. 2005 

8. Plantureux 

et al. 2005 

9. Suding et al. 

2005 

10. de Bello et al. 

2006 

11. Semelová et 

al. 2008 

12. Niedrist et al. 

2009 

13. Oelmann et 

al. 2009 

14. Laliberté et 

al. 2010 

1. Snaydon & 

Davies 1982  

2. Odat et al. 

2004 

3. Silvertown et 

al. 2009 

4. Pluess 2013 

5. Völler et al. 

2013 

6. Völler et al. 

2017 

1. Bakker et al. 

1980  

2. Willems 1983  

3. During & 

Willems 1984 

4. Kull & Zobel 

1991  

5. Milberg & 

Hansson 1993 

6. Eriksson & 

Eriksson 

1997 

7. Austrheim et 

al. 1999 

8. Hansson & 

Fogelfors 

2000 

9. Pykälä 2000 

10. Cousins & 

Eriksson 

2001 

11. Kahmen et al. 

2002 

12. Moog et al. 

2002 

13. Wahlman & 

Milberg 2002 

1. Pluess 2013 
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Characteristic 
Intensification Abandonment 

Community Population Community Population 

15. Janišová et 

al. 2011 

16. Pakeman 

2011 

17. Reitalu et al. 

2012 

18. Bonanomi et 

al. 2013 

19. Habel et al. 

2013 

20. Janeček et al. 

2013  

21. Allan et al. 

2014 

22. Dengler et al. 

2014 

23. Allan et al. 

2015 

24. Strebel & 

Bühler 2015 

25. Gossner et 

al. 2016 

26. Simons et al. 

2017 

27. Doležal et al. 

2018 

28. Tälle et al. 

2018 

29. Uchida et al. 

2018 

30. Čop & Eler 

2019 

31. Diekmann et 

al. 2019 

32. Tonn et al. 

2019 

33. Buzhdygan et 

al. 2020 

34. Tianen et al. 

2020 

35. Zarzycki & 

Kopeć 2020 

36. Kuhn et al. 

2021 

37. Pakeman & 

Fielding 2021 

38. Castillo-

Garcia et al. 

2022 

39. Schils et al. 

2022 

14. Cousins & 

Eriksson 

2002 

15. Cousins & 

Lindborg 

2004 

16. Pykälä 2004 

17. Cousins & 

Eriksson 

2005 

18. Eriksson et 

al. 2005 

19. Isselstein et 

al. 2005 

20. Pykälä 2005  

21. Pykälä et al. 

2005 

22. de Bello et al. 

2006 

23. Poyry et al. 

2006 

24. Cousins et al. 

2007 

25. Raatikainen 

et al. 2007 

26. Aavik et al. 

2008 

27. Cousins & 

Eriksson 

2008 

28. Johansson et 

al. 2008 

29. Niedrist et al. 

2009 

30. Reitalu et al. 

2010 

31. Janišová et 

al. 2011 

32. Vassilev et al. 

2011 

33. Ford et al. 

2012 

34. Reitalu et al. 

2012 

35. Bonanomi et 

al. 2013 

36. Catorci et al. 

2013 

37. Habel et al. 

2013 
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Characteristic 
Intensification Abandonment 

Community Population Community Population 

40. Zhang et al. 

2022 

38. Janeček et al. 

2013 

39. Targetti et al. 

2013 

40. Dengler et al. 

2014 

41. Joyce 2014 

42. Veen et al. 

2014 

43. Aldezabal et 

al. 2015 

44. Strebel & 

Bühler 2015 

45. Weiss & 

Jeltsch 2015 

46. Stybnarova et 

al. 2016 

47. Wehn et al. 

2017 

48. Doležal et al. 

2018 

49. Neuenkamp 

et al. 2018 

50. Swacha et al. 

2018 

51. Uchida et al. 

2018 

52. Valko et al. 

2018 

53. Johansen et 

al. 2019 

54. Peciña et al. 

2019 

55. Bohner et al. 

2020 

56. Uchida & 

Kamura 2020 

57. Kuhn et al. 

2021 

58. Pakeman & 

Fielding 2021 

59. Bonanomi et 

al. 2022 

60. Gavrichkova 

et al. 2022 

61. Prangel et al. 

2023 

62. Wipulasena et 

al. 2023 

Abundance or 

distribution 

1. Cousins et al. 

2003 

1. Semelová et 

al. 2008 
1. Eriksson et al. 

2002 

1. Bakker et al. 

1980  
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Characteristic 
Intensification Abandonment 

Community Population Community Population 

2. Janišová et 

al. 2011 

3. Dengler et al. 

2014 

4. Aune et al. 

2018 

5. Castillo-

Garcia et al. 

2022 

 2. Poschlod & 

WallisdeVrie

s 2002 

3. Cousins et al. 

2003 

4. Eriksson et 

al. 2005 

5. Pykälä 2005  

6. Prentice et al. 

2006 

7. Janišová et 

al. 2011 

8. Dengler et al. 

2014 

9. Aune et al. 

2018 

10. Gavrichkova 

et al. 2022 

2. Willems 1983 

3. Lindborg et 

al. 2005 

4. Herben et al. 

2006 

5. Mildén et al. 

2007 

6. Johansson et 

al. 2011 

7. Veen et al. 

2014 

8. Lehtilä et al. 

2016 

9. Kose et al. 

2019 

Biomass or 

primary 

productivity 

1. During & 

Willems 1984 

2. van der 

Maarel & 

Titlyanova 

1989 

3. Kull & Zobel 

1991 

4. Cousins et al. 

2003 

5. Louault et al. 

2005 

6. Suding et al. 

2005 

7. Oelmann et 

al. 2009 

8. Pluess 2013 

9. De 

Keersmaecker 

et al. 2016  

10. Völler et al. 

2017 

11. Zarzycki & 

Kopeć 2020 

12. Van Sundert 

et al. 2021 

13. Castillo-

Garcia et al. 

2022 

14. Schils et al. 

2022 

15. Zhang et al. 

2022 

1. Snaydon 

1970 

2. Snaydon & 

Davies 1972 

3. Davies & 

Snaydon 

1974  

4. Davies & 

Snaydon 

1976 

5. Bobbink & 

Willems 1991 

6. Fischer et al. 

2008  

7. Fischer et al. 

2011  

8. Völler et al. 

2013 

1. During & 

Willems 1984 

2. van der 

Maarel & 

Titlyanova 

1989 

3. Cousins et al. 

2003 

4. Pluess 2013 

5. Joyce 2014 

6. Weiss & 

Jeltsch 2015 

7. Stybnarova et 

al. 2016 

8. Doležal et al. 

2018 

9. Bohner et al. 

2020 

10. Gavrichkova 

et al. 2022 

11. Prangel et al. 

2023 

1. Veen et al. 

2014 
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Characteristic 
Intensification Abandonment 

Community Population Community Population 

16. Wentao et al. 

2023 

Nutrient 

requirements, 

acquisition, or 

tissue content 

1. van Diggelen 

et al. 2005 

2. Díaz et al. 

2007 

3. Semelová et 

al. 2008 

4. de Vries et al. 

2012a 

5. Doležal et al. 

2018 

6. Castillo-

Garcia et al. 

2022 

1. Snaydon 

1970 

2. Davies & 

Snaydon 

1973a 

3. Davies & 

Snaydon 

1973b 

1. Willems 1983 

2. Wahlman & 

Milberg 2002 

3. Pykälä 2005 

4. Pluess 2013 

5. Targetti et al. 

2013 

6. Joyce 2014 

7. Neuenkamp 

et al. 2016 

8. Doležal et al. 

2018 

9. Karlowsky et 

al. 2018 

10. Wehn et al. 

2018 

11. Gavrichkova 

et al. 2022 

— 

Plant height or 

growth form 

1. Kull & Zobel 

1991 

2. Louault et al. 

2005 

3. Suding et al. 

2005 

4. van Diggelen 

et al. 2005 

5. Semelová et 

al. 2008 

6. Völler et al. 

2017 

7. Doležal et al. 

2018 

1. Snaydon & 

Davies 1972 

2. Völler et al. 

2013 

1. Willems 1983  

2. Kull & Zobel 

1991 

3. Kahmen et al. 

2002 

4. Luoto et al. 

2003a  

5. Luoto et al. 

2003b 

6. Cousins & 

Lindborg 

2004 

7. Kahmen & 

Poschlod 

2004 

8. Pykälä 2004 

9. Johansson et 

al. 2011 

10. Vassilev et al. 

2011 

11. Pluess 2013 

12. Joyce 2014 

13. Weiss & 

Jeltsch 2015 

14. Wehn et al. 

2017 

15. Doležal et al. 

2018 

16. Bohner et al. 

2020 

— 
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Characteristic 
Intensification Abandonment 

Community Population Community Population 

17. Bonanomi et 

al. 2022 

Specific leaf 

area 

1. Kull & Zobel 

1991 

2. Louault et al. 

2005 

3. Pluess 2013 

 
— 

1. Cousins & 

Lindborg 

2004 

2. Pluess 2013 

3. Peco et al. 

2017 

4. Wehn et al. 

2017 

5. Wehn et al. 

2018 

1. Targetti et al. 

2013 

Leaf dry matter 

content 

1. Louault et al. 

2005 

— 

1. Wehn et al. 

2017 

2. Wehn et al. 

2018 

 

1. Targetti et al. 

2013 

Shade 

tolerance 

1. van Diggelen 

et al. 2005 

2. Nielsen et al. 

2021 

— 

1. Wahlman & 

Milberg 2002 

2. Cousins & 

Lindborg 

2004 

3. Pykälä 2005 

4. Neuenkamp 

et al. 2016 

5. Bohner et al. 

2020 

6. Nielsen et al. 

2021 

— 

Flowering 

phenology 

1. van Diggelen 

et al. 2005 

2. Louault et al. 

2005 

1. Snaydon & 

Davies 1972 

2. Völler et al. 

2013 

3. Völler et al. 

2017 

1. Kahmen et al. 

2002 

2. Kahmen & 

Poschlod 

2004 

3. Vassilev et al. 

2011 

4. Catorci et al. 

2013 

— 

Clonality 

1. Kull & Zobel 

1991 

2. Suding et al. 

2005 

3. Wentao et al. 

2023 — 

1. Willems 1983 

2. Kahmen et al. 

2002 

3. Johansson et 

al. 2011 

4. Catorci et al. 

2013 

5. Pluess 2013 

6. Joyce 2014 

7. Weiss & 

Jeltsch 2015 

— 
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Characteristic 
Intensification Abandonment 

Community Population Community Population 

Annual vs. 

perennial life 

cycle 

1. Suding et al. 

2005 

2. van Diggelen 

et al. 2005 

3. Uchida et al. 

2018 

1. Davies & 

Snaydon 

1976 

1. Kahmen et al. 

2002 

2. Pykälä 2005 

3. Johansson et 

al. 2011 

4. Uchida et al. 

2018 

— 

Seed 

production, 

mass, or 

reproductive 

output 

1. Louault et al. 

2005 

2. Völler et al. 

2017 

3. Wentao et al. 

2023 

 

1. Snaydon & 

Davies 1972 

2. Fischer et al. 

2011 

3. Völler et al. 

2013 

1. Willems 1983 

2. Eriksson & 

Eriksson 

1997 

3. Kahmen et al. 

2002 

4. Cousins & 

Lindborg 

2004 

5. Kahmen & 

Poschlod 

2004 

6. Fischer et al. 

2008 

7. Pluess 2013 

8. Wehn et al. 

2017 

1. Lindborg et 

al. 2005 

2. Musche et al. 

2008 

Seed dispersal 

1. Cousins et al. 

2003 

— 

1. Cousins et al. 

2003 

2. Johansson et 

al. 2011 

3. Neuenkamp 

et al. 2016 

— 

Seed bank 

1. Klaus et al. 

2018 

— 

1. Milberg & 

Hansson 1993 

2. Eriksson & 

Eriksson 

1997 

— 

Seed 

germination or 

seedling 

survival 

1. During & 

Willems 1984 

2. Cousins et al. 

2003 

3. Klaus et al. 

2018 

— 

1. Bakker et al. 

1980 

2. Willems 1983 

3. Eriksson & 

Eriksson 

1997 

4. Cousins et al. 

2003 

5. Lindborg 

2006 

6. Pluess 2013 

7. Joyce 2014 

8. Valko et al. 

2018 

1. Lindborg et 

al. 2005 

2. Musche et al. 

2010 

3. Kose et al. 

2019 
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Characteristic 
Intensification Abandonment 

Community Population Community Population 

Soil community 

diversity or 

composition 

1. Bardgett et al. 

2001 

2. de Vries et al. 

2006 

3. de Vries et al. 

2012a 

4. Liliensiek et 

al. 2012 

5. Lemanski & 

Scheu 2015 

6. Gossner et 

al. 2016 

7. Fornara et al. 

2020 

— 

1. Aldezabal et 

al. 2015 

2. Karlowsky et 

al. 2018 

3. Swacha et al. 

2018 

4. Bohner et al. 

2020 

5. Bonanomi et 

al. 2022 

6. Fernández-

Guisuraga et 

al. 2022 

7. Wipulasena et 

al. 2023 

8. Serrano et al. 

2024 

— 

AM fungi or 

microbial 

mutualists 

1. Johnson et al. 

2003 

2. Suding et al. 

2005 

3. Egerton-

Warburton et 

al. 2007 

4. Johnson et al. 

2008 

5. Antoninka et 

al. 2011 

6. Gossner et 

al. 2016 

7. Simons et al. 

2017 

— 

1. Lumini et al. 

2010 

2. Karlowsky et 

al. 2018 

3. Neuenkamp 

et al. 2018 

1. Van Geel et 

al. 2021 

Root exudation — — — — 

Pathogen 

abundance or 

plant disease 

1. Veresoglou 

et al. 2013 

2. Gossner et 

al. 2016 

1. Snaydon & 

Davies 1972 

1. Bonanomi et 

al. 2022 

 
 

Defoliation 

tolerance 

1. Castillo-

Garcia et al. 

2022 

1. Kirschbaum 

et al. 2021 

1. Weiss & 

Jeltsch 2015  

 

1. Musche et al. 

2010 

2. Kirschbaum 

et al. 2021 

Plant-soil 

feedback 

1. Harrison & 

Bardgett 2010 

2. Castillo-

Garcia et al. 

2022 

— 

1. Ilmarinen & 

Mikola 2009 

1. Medina-Rold 
án et al. 2012 

2. Veen et al. 

2014 

Drought 

resistance 

1. Hartmann et 

al. 2013 

2. De 

Keersmaecker 

et al. 2016  

— 

1. Karlowsky et 

al. 2018 

— 
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Characteristic 
Intensification Abandonment 

Community Population Community Population 

3. Carlsson et al. 

2017 

4. Stampfli et al. 

2018 

5. Kübert et al. 

2019 

6. Bharath et al. 

2020 

7. Ullah et al. 

2020 

8. Van Sundert 

et al. 2021 

9. Chomel et al. 

2022 

Soil nutrient 

composition or 

cycling 

1. Austrheim et 

al. 1999 

2. Semelová et 

al. 2008 

3. de Vries et al. 

2012a 

4. Soussana & 

Lemaire 

2014 

5. Cui et al. 

2020 

6. Castillo-

Garcia et al. 

2022 

7. Schils et al. 

2022 

8. Cui et al. 

2023 

1. Snaydon & 

Davies 1972 

1. Austrheim et 

al. 1999 

2. Ford et al. 

2012 

3. Karlowsky et 

al. 2018 

4. Wehn et al. 

2018 

5. Johansen et 

al. 2019 

6. Bohner et al. 

2020 

7. Gavrichkova 

et al. 2022 

8. Serrano et al. 

2024 

— 

Carbon 

storage 

1. de Vries et al. 

2013 

2. Soussana & 

Lemaire 

2014 

3. Thorhallsdotti

r & 

Gudmundsso

n 2023 

4. Cui et al. 

2020 

5. Fornara et al. 

2020 

6. Schils et al. 

2022 

— 

1. Ford et al. 

2012 

2. Peco et al. 

2017 

3. Karlowsky et 

al. 2018 

4. Peciña et al. 

2019 

5. Bohner et al. 

2020 

6. Gavrichkova 

et al. 2022 

7. Prangel et al. 

2023 

8. Thorhallsdotti

r & 

Gudmundsso

n 2023 

— 

  1338 
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