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SUMMARY 

SUMMARY 
Grasslands are widely distributed ecosystems crucial for providing a variety of ecosystem services. 

Historically, they have been closely associated with humans. Some of the grasslands currently found in

Europe are considered "semi-natural," as they have been shaped and managed by humans to support 

livelihoods through agriculture or livestock services. However, this strong human dependence has placed 

them at risk due to a growing divergence from traditional uses and management practices that originally 

fostered these species-rich ecosystems. These grasslands serve as habitats for a diverse range of species 

and provide important ecosystem services. Nonetheless, restoration efforts often face challenges and 

limitations. In the case of European grasslands, restoration initiatives must carefully navigate the trade-

off between increasing and/or maintaining biodiversity and productivity simultaneously. It is needed to

develop research focuses on long-term experiments to assess the factors that impact early stages of 

community assembly and, therefore, the outcomes of restoration practices. 

Priority effects are the phenomena that occur when plant species arriving earlier in a community preempt 

and modify available niches, thereby influencing the establishment or development success of later-

arriving species, either positively or negatively. The manipulation of the order of arrival of plant functional 

groups (PFG) has already been demonstrated to affect ecosystem functioning and community structure. 

However, it remains unclear to what extent the strength, trajectories, and persistence of priority effects 

can be influenced by the weather conditions experienced by ecological communities during the initiation 

year (referred to as "year effects"). Additionally, the role of the mechanisms of priority effects, niche 

preemption and niche modification, in the creation of these effects is still unknown. 

In this thesis the results from three experiments are presented. These experiments were conducted to 

increase the knowledge of how priority and year effects can affect ecosystem functioning, above and 

belowground, and community composition and diversity in grassland ecosystems. In addition, the 

importance of the mechanisms of priority effects in their development was investigated. 

The results showed that 1) PFG order of arrival did not affect productivity above or belowground. 2) 

However, aboveground productivity was predominantly driven by year effects. 3) The time since 

establishment had a more significant impact on plant community composition compared to the order of 

arrival of plant functional groups and the year of initiation. 4) The collective influence of these three 

factors affected plant diversity, with the effect of PFG order of arrival on plant species richness being 
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contingent on the time since establishment and the year of initiation. 5) PFG order of arrival notably 

influenced the vertical distribution of roots. Specifically, communities where grasses were introduced first 

exhibited shallower root systems compared to those where forbs or legumes were introduced first. 6) Soil 

niche preemption and soil niche modification together are responsible for the creation of priority effects 

in dry acidic grasslands. Soil niche preemption seemed to be the primary driver, as soil niche modification 

alone does not yield significant effects on the development of plant functional. 

Overall, these findings highlight the complex dynamics at play in grassland ecosystems. The order of 

arrival of plant functional groups combined with year effects, shapes community structure over time. This 

underscores the enduring influence of ecological timelines on the establishment of grassland communities. 

Moreover, the primary driver of aboveground productivity is the year effect, emphasizing the need to 

consider weather conditions in grassland restoration practices. Additionally, the order of arrival of plant 

functional groups significantly influences the vertical distribution of roots, suggesting possible 

implications for nutrient cycling and soil stability. Lastly, soil niche preemption and soil niche 

modification together triggers the creation of priority effects, with soil niche preemption being the 

predominant driving force in shaping specifically dry acidic grassland systems. 

Keywords 
Aboveground productivity, belowground productivity, community structure, ecosystem functioning, plant 

diversity, plant functional group order of arrival, plant-soil feedbacks, priority effects, soil niche 

preemption, soil niche modification, vertical root distribution.
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ZUSAMMENFASSUNG 
Das Grünland ist ein weit verbreitetes Ökosystem, das für die Erbringung einer Vielzahl von 

Ökosystemleistungen von entscheidender Bedeutung ist. Historisch gesehen sind sie eng mit dem 

Menschen verbunden. Einige der heute in Europa vorkommenden Grünlandflächen gelten als 

"halbnatürlich", da sie vom Menschen gestaltet und bewirtschaftet wurden, um den Lebensunterhalt durch 

Landwirtschaft oder Viehzucht zu sichern. Diese starke Verbindung zum Menschen hat das Grünland 

jedoch in Gefahr gebracht, da der Mensch zunehmend von den traditionellen Bewirtschaftungspraktiken 

abweicht, die ursprünglich diese artenreichen Ökosysteme förderten. Diese Grünlandflächen dienen als 

Lebensraum für eine Vielzahl von Arten und erbringen wichtige Ökosystemleistungen. Dennoch stoßen 

die Bemühungen zur Wiederherstellung häufig auf Herausforderungen und Grenzen. Im Falle des 

europäischen Grünlands müssen die Wiederherstellungsinitiativen sorgfältig zwischen der Erhöhung 

oder/und der Erhaltung der Artenvielfalt und der Produktivität abwägen. Die Forschung muss sich auf 

langfristige Experimente konzentrieren, um die Faktoren zu ermitteln, die die frühen Stadien der 

Gemeinschaftsbildung und damit die Ergebnisse der Wiederherstellungsbemühungen beeinflussen. 

Prioritätseffekte sind Phänomene, die auftreten, wenn Pflanzenarten, die früher in einer ökologischen 

Gemeinschaft eintreffen, verfügbare Nischen präemtiv vorbelegen (preassign) und verändern und dadurch 

die Etablierung oder den Entwicklungserfolg später eintreffender Arten entweder positiv oder negativ 

beeinflussen. Es wurde bereits nachgewiesen, dass die Manipulation der Reihenfolge der Ankunft von 

Pflanzenfunktionsgruppen (PFG) die Funktionsweise von Ökosystemen und die Gemeinschaftsstruktur 

beeinflusst. Es ist jedoch noch unklar, inwieweit die Intensität, der Verlauf und die Dauer von 

Prioritätseffekten durch die Witterungsbedingungen beeinflusst werden können, denen ökologische 

Gemeinschaften im Jahr der Ansiedlung ausgesetzt sind (als "Jahreseffekte" bezeichnet). Darüber hinaus 

ist die Rolle der Mechanismen von Prioritätseffekten, Nischenpräemption und Nischenmodifikation bei 

der Entstehung dieser Effekte noch unbekannt. 

In dieser Dissertation werden die Ergebnisse von drei Versuchen vorgestellt. Diese Experimente wurden 

durchgeführt, um das Wissen darüber zu erweitern, wie Prioritäts- und Jahreseffekte die Funktion von 

Ökosystemen, ober- und unterirdisch, sowie die Zusammensetzung und Vielfalt von Gemeinschaften in 

Grünlandökosystemen beeinflussen können. Darüber hinaus wurde die Bedeutung der Mechanismen von 

Prioritätseffekten für deren Entwicklung untersucht.  
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Die Ergebnisse zeigten, dass 1) die Reihenfolge der Ankunft der PFG keinen Einfluss auf die ober- oder 

unterirdische Produktivität hatte. 2) Die oberirdische Produktivität wurde hingegen hauptsächlich durch 

jährliche Effekte bestimmt. 3) Die Zeit seit der Etablierung hatte einen bedeutenderen Einfluss auf die 

Zusammensetzung der Pflanzengemeinschaft als die Reihenfolge der Ankunft der pflanzlichen 

Funktionsgruppen und das Jahr des Auftretens. 4) Der kollektive Einfluss dieser drei Faktoren wirkte sich 

auf die Pflanzenvielfalt aus, wobei der Effekt der Reihenfolge des Eintreffens der PFG auf den 

Artenreichtum der Pflanzen von der Zeit seit der Etablierung abhängig war und das Jahr des Beginns des 

Experiments. 5) Die Reihenfolge des Eintreffens von PFG auf den Wurzeln beeinflusste insbesondere die 

vertikale Verteilung der Wurzeln. Insbesondere hatten Gemeinschaften, in denen zuerst Gräser eingeführt 

wurden, flachere Wurzelsysteme als solche, in denen zuerst krautige Pflanzen oder Leguminosen 

eingeführt wurden. 6) Die Präemtion und die Modifikation der Bodennischen sind zusammen für die 

Entstehung von Prioritätseffekten in trockenen sauren Graslandschaften verantwortlich. Die 

Bodennischenpräemption scheint der primäre Faktor zu sein, da die Bodennischenmodifikation allein 

keine signifikanten Auswirkungen auf die Entwicklung der pflanzlichen Funktionsgruppen hat. 

Insgesamt verdeutlichen diese Ergebnisse die komplexe Dynamik, die in Grünlandökosystemen im Spiel 

ist. Die Reihenfolge des Eintreffens von Pflanzenfunktionsgruppen in Verbindung mit Jahreseffekten 

prägt die Gemeinschaftsstruktur im Laufe der Zeit. Dies unterstreicht den dauerhaften Einfluss 

ökologischer Zeitpläne auf die Etablierung von Grünlandgemeinschaften. Darüber hinaus ist der 

Jahreseffekt der Hauptfaktor für die oberirdische Produktivität, was die Notwendigkeit unterstreicht, bei 

der Wiederherstellung von Grünland die Wetterbedingungen zu berücksichtigen. Zudem hat die 

Reihenfolge des Eintreffens von Pflanzenfunktionsgruppen einen erheblichen Einfluss auf die vertikale 

Verteilung der Wurzeln, was mögliche Auswirkungen auf den Nährstoffkreislauf und die Bodenstabilität 

erwarten lässt. Schließlich führen die Präemption und die Modifikation der Bodennischen zusammen zur 

Entstehung von Prioritätseffekten, wobei die Bodennischenpräemption die vorherrschende treibende Kraft 

bei der Gestaltung spezifischer trockener saurer Grünlandsysteme ist. 

Schlüsselwörter 
Ankunftsreihenfolge der Pflanzenfunktionsgruppen, Bodennischenmodifikation, 

Bodennischenpräemption, Gemeinschaftsstruktur, oberirdische Produktivität, Ökosystemfunktion, 

Pflanzen-Boden-Rückkopplung, Pflanzenvielfalt, Prioritätseffekte, unterirdische, Produktivität, vertikale 

Wurzelverteilung 
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Thesis framework





1. Thesis framework

1.1 Grassland ecosystems and the UN Decade of Restoration 

Grasslands are global ecosystems present on every continent, excluding Antarctica, covering an area of 

52.5 million km2  (White et al., 2000). Many grasslands are closely linked to human activities (Habel et 

al., 2013), as they historically provide essential ecosystem services, such as agricultural services, water 

regulation, carbon storage, erosion control, climate mitigation, or pollination (Bengtsson et al., 2019). 

Some grasslands are considered "semi-natural" owing to significant human influence. These areas are 

often shaped and maintained through human activities, primarily grazing domestic livestock or 

haymaking, and would not exist without human intervention (Pärtel et al., 2005). Since the Anthropocene, 

these ecosystems became prevalent being widespread across Europe (Poschlod et al., 2009). Land use 

change, land-use intensification (i.e., increment in agricultural practices, fertilization, drainage, or increase 

in pasture intensity), and land-use abandonment are among the multiple causes leading to a decline in 

species-rich grassland (Gibson, 2009), resulting in losses in terms of functioning and biodiversity. In the 

specific case of European grasslands, the current distancing from traditional management and uses that 

originally led to the creation and maintenance of species-rich grasslands is the main reason for their threat. 

The mere act of abandonment results in degradation and loss of these grasslands.   

Grassland ecosystems harbour high species richness and endemism (Buisson et al., 2019; Habel et al., 

2013; Wilson et al., 2012), they are resilient ecosystems against extreme climate conditions or fire, and 

also play a role globally as belowground carbon sinks (Bai & Cotrufo, 2022; Dass et al., 2018). All in one 

gives them an intrinsic value for conservation. Due to the significant losses and challenges currently faced 

by grasslands, they have been identified as an important ecosystem that will require attention in the coming 

decades (Dudley et al., 2020). The United Nations Decade on Ecosystem Restoration seeks to protect and 

revive ecosystems globally in the next decade (2021-2030) including grasslands among the target 

ecosystems. With this aim, ten actions are listed in its strategy. One of these actions incentivizes 

investment in research that considers the complexity of restoration in the context of actual global change 

(UN Decade on Restoration).  

Restoration practices do not always yield successful outcomes because of various interacting factors in 

natural systems. These factors include, for example, the selection of species mixes for restoration, biotic 

7



interactions among introduced species and species already present in the area, stochastic processes during 

community assembly, and a lack of information on the persistence of restoration efforts (Wilsey, 2020). 

To address these knowledge gaps and understand the factors that play an important role in restoration 

success, it is crucial to ensure successful restoration techniques (Temperton et al., 2016).  

In the case of European grasslands, restoration practices should aim to strike a balance between increasing 

productivity and preserving biodiversity. Therefore, long-term experiments are needed to assess the 

persistence of practices that increase biodiversity and ecosystem functioning, while considering trade-

offs. Additionally, these experiments should consider other environmental aspects that may reduce the 

success of these efforts, and the mechanisms underlying these processes. This thesis focuses on improving 

the understanding of community assembly in grassland plant communities, thus contributing to the 

knowledge base for successful grassland restoration. For this purpose, three different experiments, 

including a long-term study, were conducted. These experiments aimed to explore the consequences of 

the order of arrival of plant functional groups (i.e., priority effects) on community structure and ecosystem 

functioning above- and belowground in different grassland plant communities. They also aimed to 

disentangle the contribution of underlying mechanisms to these effects. Furthermore, it is also considered 

the interaction of the order of arrival of plant functional groups with weather conditions in the year of 

initiation of plant establishment.  

1.2 Causes of priority effects 

1.2.1 Plant-plant interactions and plant-soil feedbacks 

Priority effects are defined as phenomena occurring in ecological communities where species arriving first 

can influence the performance of later-arriving species by occupying or changing the environment. 

(Fukami, 2015). Two main mechanisms have been described for the creation of priority effects: niche 

preemption and niche modification (Fukami, 2015). In niche preemption, early arriving species reduce the 

availability of resources in the niche (e.g., space, light, water, or nutrients) for later arriving species. In 

niche modification, early arriving species change the types of niche available for later-arrival species (e.g., 

microbial or chemical legacies). Priority effects can manifest as either facilitative or inhibitory. In 

facilitative scenarios, species arriving earlier exert a positive influence on those arriving later. Conversely, 

in inhibitory cases, species arriving earlier have a negative impact on those arriving later. When priority 

effects arise from niche preemption, early arriving species compete for available resources, often 
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negatively affecting the establishment, survival, and growth of late-arriving species. Alternatively, when 

driven by niche modification, changes in niche types can be positive (facilitation), neutral, or 

negative (inhibition) (Fukami, 2015).  

Priority effects mechanisms can alter how species interact. They can influence the strength of competition 

or plant-soil feedbacks (PSF) and may lead to facilitative interactions. On the one hand, negative priority 

effects can arise from the order of species arrival, influencing species interactions, such as competition, 

allelopathy, plant-soil feedbacks, such as soil sickness, or soil chemical legacies. Competition is defined 

as the interaction between individuals of the same or different species over a shared resource, which 

reduces the growth, survival, or reproduction of at least one of the individuals involved (Tansley, 1917; 

Tilman, 1982; Huston & Smith, 1987; Keddy & Shipley, 1989; Goldberg & Barton, 1992; Bengtsson et 

al., 1994; Goldberg, 1996). The order of arrival can confer an advantage that influences competition. Early 

arriving species can physically outcompete later-arriving species as they have more resources for 

development. Allelopathy is a negative interaction in which the establishment or growth of a species is 

delayed or impeded by the presence of chemicals released into the environment by some species (Rice, 

2012). Early arriving species can release phytotoxins that delay or impede the establishment of later 

arriving species. Throughout plant-soil feedbacks, plants arriving earlier can alter the soil environment, 

microbiome, or nutrient availability for later arrival species (Bennett & Klironomos, 2019). Soil sickness 

is a type of PSF that refers to the negative conditions generated in the soil by plants, which can involve 

the reduction of available nutrients, increase in soil-borne pathogens, or release of phytotoxic compounds 

during decomposition (Cesarano et al., 2017). The strength of some plant-soil feedback interactions, such 

as soil sickness, can be affected by the identity of the early arriving species, thereby influencing the success 

of later arrivals. Soil chemical legacies refer to the long-lasting impact of chemicals released by plants 

that can affect subsequent generations of plants. These soil chemical legacies can create negative effects 

that affect plant development (Delory et al., 2021).  

On the other hand, positive priority effects can arise from the order of species arrival, influencing species 

interactions such as facilitation, microclimate amelioration, nutrient enrichment, soil chemical legacies, 

and plant-soil feedbacks. Facilitation is a positive interaction that refers to the phenomenon in which one 

species positively affects another during the establishment, growth, or survival phases, specifically under 

stress conditions (Bertness & Callaway, 1994; Callaway, 1998; Brooker et al., 2008). The order of arrival 

of a specific species can facilitate the later arriving species. Direct facilitation can occur through 
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microclimate amelioration, which is a positive interaction that occurs when a plant improves the 

conditions of a neighbouring plant by ameliorating environmental conditions (providing shade, improving 

soil conditions, or reducing competition for resources) (Brooker et al., 2008). Species arriving earlier with 

this capacity will increase the success of later-arriving species that require these specific conditions. 

Facilitation can also occur through nutrient enrichment by nitrogen-fixing legume species (Temperton et 

al., 2007; Wright et al., 2017). When these species arrive earlier, they provide nutrients to the later-arriving 

species, thereby facilitating their development. Soil chemical legacies of early arriving species can affect 

root development of later-arriving species (Delory et al., 2021). Plant-soil feedbacks can also have positive 

effects on subsequent species. For example, mycorrhizal-dependent plants grow in soils previously 

conditioned by compatible mycorrhizae (McMahen et al., 2022). 

Species order of arrival can influence the strength of these 

interactions through niche preemption and niche modification 

mechanisms. Species arriving earlier can take advantage by 

exerting control through asymmetric competition (i.e., an 

unbalanced interaction where one species can outcompete the 

other), imposing specific soil feedbacks in the environment (which can either benefit or prejudice the 

development of later-arriving species), or facilitating the establishment of later-arriving species. However, 

the extent to which priority effects are driven by niche preemption, niche modification, or their 

combination remains unclear. One of the aims of thesis is to disentangle both mechanisms and reveal their 

contribution in the creation of priority effects through a plant-soil feedback experiment (Box 1). 

1.3 Consequences of priority effects 

1.3.1 Long-term consequences of priority effects on community assembly 

Community assembly serves as the fundamental framework for comprehending the essential mechanisms 

that dictate a stable composition and population of species within a particular location, contingent upon 

specific environmental circumstances (Chase, 2003). During the last century, some approaches to explain 

the assembly of communities arose. The deterministic theory in the search for patterns governing species 

co-occurrence proposed a predetermined succession of stages based on associations dictated by physical 

and biotic factors such as species interactions (Clements, 1936; Cowles, 1899). The stochastic theory 

incorporated environmental factors, dispersal capacity, and species arrival order as shaping factors in 

community assembly (Gleason, 1926). In the 1960s, Lewontin, (1969) introduced the concept of 

Box 1. To what extent do niche pre-

emption and niche modification 

play a role in the creation of 

priority effects? 
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alternative stable states, an intermediate point between deterministic and stochastic theories, emphasizing 

historical events as determinants. This notion was expanded by Sutherland, (1974) who identified species 

arrival order as a key historical event shaping community structure, which was first observed by Diamond, 

(1975) in bird populations. This theory proposes that communities may be predictable until a certain point, 

due to the random factors that affect the ecosystems, which can make them end in multiple stable stages. 

The recognition of the impact of historical contingency has grown in recent years as it becomes more 

apparent. Historical contingency refers to past events that can significantly affect community assembly. 

These past events can be both abiotic (e.g., environmental conditions or disturbances) and biotic events 

(e.g., order of arrival of species), creating historical contingencies that affect the shape of ecological 

communities during the assembly process (Fukami, 2015).  

In 2015, (Fukami, 2015) introduced a framework outlining community assembly outcomes driven by 

variations in species arrival history, making communities historically contingent. This phenomenon, 

known as priority effects, occurs when interactions between early- and late-arriving species are strong 

enough to influence species coexistence. Species arriving earlier can determine the success of later-

arriving species in a particular environment, affecting their establishment and development in a positive 

or negative way (Fukami, 2015). This historical contingency, resulting from how species interact with 

each other depending on the order of arrival, can steer communities in different assembly trajectories, 

affecting composition and dynamics. 

This framework identifies three long-term community-level consequences of historical contingency due 

to priority effects after a disturbance event such as frost, rainfall, soil disturbance, or fire (Crawley, 2004): 

Alternative stable state, alternative transient states and compositional cycles.  

- Alternative stable states refer to the different community compositions that can be established

depending on immigration history, even under the same environmental conditions and species

pool. These stable states are resistant and can persist over time, unless they are heavily disturbed

(Fukami & Nakajima, 2011).

- Alternative transient states refer to the dynamic states of a community that vary in structure and/or

functioning in response to immigration history or other stochastic factors, despite having

assembled under the same environmental conditions, having received the same set of species

multiple times, and having undergone population dynamics over multiple generations of the

11



species involved. These transient states have not yet reached a stable state and can easily be 

disturbed, leading to changes in the community (Fukami & Nakajima, 2011).  

- Compositional cycles refer to the states of a community in which a set of species occurs in a

sequence that is repeated over time (Fukami, 2015; Morton & Law, 1997).

These states are long-term consequences of priority effects, and for them to occur, the species must 

colonize or attempt to colonize the community several times. They must also experience population 

dynamics over generations in the community (Fukami, 2015).  

Additionally, the dynamic environmental filter model (Kelt et al., 1995) suggests that abiotic conditions 

at a site can influence and modulate the structure and functioning of ecosystems. This first happens by 

filtering the access of determined species to the system and second by impacting the growth, development, 

and survival of the organisms living on them. This conceptual model has commonly been used to explain 

the establishment and invasion of species during the assembly of ecological communities (Temperton et 

al., 2016).  

Some of the abiotic conditions that can act as filters in communities are weather conditions. Year effects 

refer to the interannual variation that drives community assembly dynamics, with weather conditions 

being one of the most evident causes (Werner et al., 2020). The weather conditions that communities 

endure during assembly have a profound influence on the establishment, persistence, or species presence 

of the year of initiation, which can drive different assembly trajectories (Werner et al., 2020). Pitt & 

Heady, (1978) studied weather patterns and discovered that variations in precipitation regimes during 

different periods of the year determined the germination, productivity, or composition of crops and weeds, 

identifying grass or forbs years depending on precipitation conditions. Variations in precipitation and 

temperature or the interaction between weather conditions during the planting year can determine the 

outcomes of the community and therefore influence ecosystem dynamics (Bakker et al., 2003; 

MacDougall et al., 2008; Stuble et al., 2017.a; Groves & Brudvig, 2019; Werner et al., 2020), or functional 

and/or taxonomic composition (Atkinson et al., 2023; Catano et al., 2023). Snowpack, temperature, and 

low precipitation can affect seedling recruitment and survival (Werner et al., 2019), and specific weather 

conditions can define the invasion success of exotic species (Wainwright et al., 2012; Young et al., 2015). 

So far, the interaction between year effects and community assembly has barely been explored due to the 

difficulty of replicating experiments with different years of initiation (Werner et al., 2020). However, few 
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studies have considered the year effects in combination with other factors, including the manipulation of 

the order of arrival of species (Stuble et al., 2017.b; Werner et al., 2020). These studies revealed that year 

effects is a more important driver than the order of arrival of the species in the community assembly, even 

at different sowing intervals  (Stuble et al., 2017.b; Werner et al., 2020). Nevertheless, these two studies 

focused on plant cover and community composition of grassland ecosystems. 

 A better understanding of the interaction between year effects 

and the manipulation of the order of arrival of species in the 

community is important to ensure effective restoration 

techniques in determinate ecosystems. This thesis focuses on the 

initial phases of community assembly. One of its aims was to 

explore the extent to which the order of arrival of species and 

their interaction with weather conditions during plant 

establishment can determine different community trajectories, 

shaping both aboveground and belowground functioning and 

community structure in dry grassland plant communities. In 

addition, it aims to investigate how long these divergences persist. To address these questions, the POEM 

field experiment was established (Box 2). 

1.3.2 Priority effect consequences on ecosystem functioning and community structure 

In the realm of studying priority effects, two distinct approaches exist for manipulating the order of arrival. 

The traditional approach involves altering the sequence of arrival of individual species, either individually 

or in mixtures, considering only the unique characteristics of each species. This approach is commonly 

used in restoration ecology to reduce species invasions. The results of these studies shown that this 

manipulation can either prevent the establishment of invasive species or enhance natural biodiversity 

(Ejrnaes et al., 2006; Stevens & Fehmi, 2011; Martin & Wilsey, 2012; Vaughni & Young, 2015; Wilsey 

et al., 2015; Young et al., 2015; Stuble & Souza, 2016; Stuble & Young, 2020; Hess et al., 2020). 

In contrast, a more contemporary approach focuses on manipulating the arrival of plant functional groups 

(PFG). This involves categorizing species based on their functional or morphological traits or their degree 

of phylogenetic relatedness (e.g., grasses, forbs, legumes), and introducing one group ahead of the others. 

This manipulation of the order of arrival of PFG is particularly relevant in systems such as European 

grasslands, where restoration actions must consider the trade-offs between increasing or maintaining 

Box 2. To what extent the order of 

arrival of species and their 

interaction with the conditions of 

the year of initiation of the 

community can determine different 

community trajectories? 

For how long are these divergences 

persistent? 
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productivity and preserving biodiversity. Knowledge from Biodiversity-Ecosystem functioning (BEF) 

experiments has highlighted the importance of the interactions between PFG in the community in terms 

of composition and functioning (Buchmann et al., 2018; Tilman et al., 1997; Weisser et al., 2017). 

Moreover, a systematic review (van der Plas, 2019) revealed that in many BEF studies, abiotic factors and 

the presence of certain PFG were stronger drivers of ecosystem functioning than biodiversity. Results 

from BEF studies indicated that increasing species diversity leads to higher productivity both aboveground 

and belowground. Furthermore, it affects other functions such as nutrient uptake, light penetration, carbon 

sequestration, nitrogen storage, soil fertility, or resistance to invasion (Hector et al., 1999; Isbell & Wilsey, 

2011; Ruijven et al., 2003; Roscher et al., 2005; Steinbeiss et al., 2008; Jesch et al., 2018; Lambers et al., 

2004; Marquard et al., 2009; Oelmann et al., 2011; Mueller et al., 2013; Ravenek et al., 2014; Meyer et 

al., 2016; Oram et al., 2018; Weisser et al., 2017). Nevertheless, BEF experiments, such as those 

mentioned earlier, do not manipulate the order of arrival of species or the PFG.  

Other priority effects experiments have been conducted to predict community trajectories after a 

disturbance by monitoring different orders of arrival of plant species or PFG (Collinge & Ray, 2009; del 

Moral et al., 2009; Helsen et al., 2012; Sarneel et al., 2016). These studies found that community 

composition, species abundance, or growth strongly depend on the timing of species arrival in the systems. 

Recently, some studies have focused on the effect of manipulating the arrival of PFG on assembly in 

grassland communities  (Körner et al., 2008; von Gillhaussen et al., 2014; Weidlich et al., 2017, 2018; 

Delory et al., 2019). These findings suggested that altering PFG immigration can affect community 

composition and functioning, leading to community assembly into different trajectories. This, in turn, 

could be an important tool for European grassland restoration, improving not only ecosystem functioning, 

but also habitat-specific diversity. 

However, it remains unclear how strong or persistent these effects are depending on the context. The

effect of manipulating the order of arrival has been documented to vary when interacting with other 

factors, such as sowing interval. (von Gillhaussen et al., 2014; Young et al., 2015), soil type (Weidlich et 

al., 2017; Young et al., 2015), soil properties (Sarneel et al., 2016), site age (Grman et al., 2013), or year 

effects (Stuble et al., 2017.b; Werner et al., 2020).  
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The order of arrival of species can affect community 

composition, diversity, and ecosystem functioning, and thus, 

community assembly trajectories. However, theses 

consequences seems to vary depending on the conditions. 

Moreover, their effects in the belowground part of the system 

remain limited. To explore the consequences of this 

manipulation on ecosystem functioning above- and 

belowground, this thesis contains two experiments with 

different grassland plant communities. The POEM field 

experiment, with dry grassland plant communities and the 

Rhizobox experiment, with mesic grassland plant communities under greenhouse conditions (Box 3) 

1.4 General methodological foundations, objective, research questions and chapters  

1.4.1 General methodological foundations 

Priority effects occur when the species that arrive first in an ecological community influence the success 

of species that arrive later, either positively or negatively (Figure 1.1). Therefore, the main methodological 

foundation applied in the three experiments included in this thesis was the manipulation of the order of 

arrival of the three PFG. The selected plant functional groups were: Grasses, species belonging to the 

Poaceae family, Legumes, species members of Fabaceae family with the ability to fix atmospheric N2, 

and Forbs, including species which do not belong to the grasses or legumes groups. By manipulating the 

arrival order of these three plant functional groups in two sowing events, arrival scenarios were created to 

study the different consequences of priority effects in grassland communities. The species pool is typical 

of European grassland ecosystems. The species composition of the POEM field experiment (Chapter 1) 

and the plant–soil feedback experiment (Chapter 3) consisted of species typically found in dry acidic 

grasslands. For the Rhizobox experiment (Chapter 2), the species composition was typical of mesic 

grasslands. 

 

  

Box 3. To what extent are the effects 

of manipulating the order of arrival 

of PFG significant depending on the 

system, and how persistent or 

predictable are they in combination 

with other factors? 

What is the impact of manipulating 

the order of arrival of PFG on the 

belowground part of the systems? 
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1.4.2 Objective and research questions  

The overall objective of this thesis was to achieve a better understanding of the strength and mechanisms 

of priority effects and their consequences on community structure and ecosystem functioning, in grassland 

plant communities during the early stages of grasslands community assembly. Additionally, this thesis 

investigated whether the outcomes of priority effects are influenced by the weather conditions of the year 

of initiation of the plant communities (year effects) or whether these variations steer community dynamics. 

A comprehensive understanding of both the environment conditions and the processes contributing to 

stable natural ecosystems is crucial to accurately predict restoration outcomes, thereby enhancing 

ecosystem resilience through the improvement or generation of specific ecosystem functions and habitats. 

This is particularly important given the current global environmental changes that are expected to intensify 

in the coming years. 

The following questions were addressed in this thesis: 

I. Does the order of arrival of PFG significantly impact the above- and belowground productivity 

and/or community structure of dry acidic grassland plant communities? (Chapter 1) 

 

II. Does the year of initiation of plant communities (year effects) influence aboveground productivity 

and/or community structure and/or the outcomes of priority effects resulting from the manipulation 

of PFG order of arrival in dry acidic grasslands? (Chapter 1) 

 

III. Does the order of arrival of PFG significantly impact the vertical root distribution of dry acidic 

grassland plant communities? (Chapter 1) 
 

IV. Does the order of arrival of PFG significantly impact the above- and belowground productivity of 

mesic grassland plant communities? (Chapter 2) 

 

V. Does the order of arrival of PFG significantly impact the vertical root distribution of mesic 

grassland plant communities?  (Chapter 2) 

 

VI. To what extent do soil niche preemption and soil niche modification or their interaction create 

priority effects in dry acidic grasslands? (Chapter 3) 
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Figure 1.1. Conceptual framework of the thesis. Illustration of how the order of arrival of PFG 
can affect community structure and ecosystem functioning. Early arrival PFG preempt (e.g., 
nutrients, spaces, light, and water) and modify (e.g., via microbial or chemical legacies) the 
available niches, influencing the establishment and development success of the species from other 
PFG that arrive later. The order of arrival of species can determine plant-plant interactions due to 
plant-soil feedbacks or asymmetric competition. Different immigration scenarios can lead to 
diverse assembly trajectories derived from changes in the community structure and ecosystem 
functioning. 
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1.4.3 Thesis chapter’s summary  

 Chapter 1. Exploring priority and year effects on plant diversity, productivity and 

verticalroot distribution: first insights from a grassland field experiment. 

The POEM (PriOrity Effect Mechanisms) experiment.  

This chapter focuses on how the order of arrival of PFG groups affects the community composition, 

diversity, and ecosystem functioning of dry acidic grassland plant communities above- and belowground 

in a field experiment. Additionally, it investigates how the weather conditions of the year of initiation 

(year effects) modulate the outcomes of priority effects resulting from the manipulation of the order of 

arrival of the PFG. The specific setup of this experiment allowed not only the testing of the effects of 

altering the order of arrival of the PFG but also how the year of initiation of the experiment modulates 

these effects aboveground.  

By manipulating the order of arrival of three plant functional groups, grasses, legumes, and forbs, five 

treatments were created. This includes synchronous, where all the PFG arrived simultaneously in the 1st 

sowing event, grasses first, forbs first, or legumes first, where each respective group was the founder PFG 

sown in the 1st sowing, and the other two PFG were added 6 weeks later to the plots in the 2nd sowing. 

Finally, a treatment for free succession was established, in which any PFG was sown. Each treatment 

consisted of five replicates with a total of 25 plots per sub-experiment.  

Two sub-experiments were initiated, replicating the same experimental design, in different and 

consecutive years (2020 and 2021) to compare the outputs of aboveground productivity and community 

structure, considering different weather conditions during the year of initiation. Belowground productivity 

and vertical root distribution were monitored only in the sub-experiments that started in 2021. In this sub-

experiment, a minirhizotron imaging system was installed to register the root growth of the different 

treatments at various soil depths over a period of 800 days. Further information is detailed in Chapter 1, 

including the results section for the first three growing seasons of both sub-experiments, POEM2020 and 

POEM2021 (Figure 1.2). 
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Figure 1.2 Methodological figure of Chapter 1: The POEM experiment. Illustration of the sowing 

treatments of the experiment, data acquisition and relation with the thesis research questions.  

 

 Chapter 2: Assembly history modulates vertical root distribution in a grassland experiment 

 

The Rhizobox experiment.  

This chapter focuses on how the order of arrival of three plant functional groups affects above- and 

belowground productivity and the vertical distribution of roots of mesic grassland plant communities in a 

greenhouse experiment.  

 

By manipulating the order of arrival of three plant functional groups, grasses, legumes and forbs, five 
treatments were created. This includes synchronous, where all the PFG arrived simultaneously in the 1st 
sowing event, grasses first, forbs first, or legumes first, where each respective group was the founder PFG 
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sown in the 1st sowing, and the other two PFG were added 10 days later to the rhizoboxes in the 2nd sowing. 

Finally, a second synchronous treatment was also established, where all the PFG arrived simultaneously 

in the 2nd sowing event, allowing for a comparison with the plants sown in the second sowing. Each 

treatment consisted of seven replicates with a total of 35 rhizoboxes per sub-experiment. The use of 

rhizoboxes, a specific type of pot with a transparent front wall, allows image acquisition of root 

development over time. Further information is detailed in Chapter 2, including the results for aboveground 

and belowground productivity and vertical root distribution (Figure 1.3). 

 

Figure 1.3: Methodological figure of Chapter 2: The Rhizobox experiment. Illustration of the sowing 

treatments of the experiment in the rhizoboxes, data acquisition and relation with the thesis research 

questions. 

 



 Chapter 3: Disentangling the mechanisms creating priority effects in dry grasslands: a plant-

soil feedback experiment

The Plant-soil feedback (PSF) experiment. 

This chapter focuses in understanding the extent to which the priority effects mechanisms, niche 

preemption, and niche modification, play a role in the creation of priority effects. To assess the influence 

of these mechanisms, they were isolated within the soil context. Soil niche modification was identified 

through changes in microbial legacies, while soil niche preemption was associated with nutrient depletion. 

A plant-soil feedback experiment was conducted in two phases.  

In the conditioning phase, four soil histories were established by sowing grasses, legumes, forbs, or a 

mixture of plant functional groups (one grass, one legume, and one forb). The conditioned soil from this 

phase was then utilized in the feedback phase. The feedback phase served as a response phase, exploring 

scenarios involving soil niche preemption + soil niche modification, using the conditioned soil from the 

conditioning phase, or soil niche modification alone, utilizing only an inoculum of the conditioned soil 

and sterilized soil. A control treatment was established, containing a mixture of sterilized soil and field 

inoculum, with no specific mechanisms at play. Individual plants belonging to forbs, grasses, or legumes 

were sown to determine their responses to different legacies and soil scenarios. Further information is 

detailed in Chapter 3, including the results for the aboveground and belowground productivity during the 

conditioning and feedback phases. (Figure 1.4) 
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Figure 1.4: Methodological figure of Chapter 3: The PSF experiment. Illustration of the conditioning and 

the feedback phases, data acquisition and relation with the thesis research questions. 
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Chapter 1 
Exploring priority and year effects on 

plant diversity, productivity and vertical 
root distribution: first insights from a 

grassland field experiment





Chapter 1 

Exploring priority and year effects on plant diversity, productivity and vertical root 
distribution: first insights from a grassland field experiment 

Submitted article: Journal of ecology. ID JEcol-2023-1025 

Preprint available: https://biorxiv.org/cgi/content/short/2023.11.14.566982v1 

Inés M. Alonso-Crespo, Vicky M. Temperton, Andreas Fichtner, Thomas Niemeyer, Michael Schloter 
 Benjamin M. Delory 

Abstract 

1) The order of arrival of plant species during community assembly can affect how species interact
with each other. These so-called priority effects can have strong implications for the structure and
functioning of plant communities. However, the extent to which the strength, direction, and
persistence of priority effects are modulated by weather conditions during plant establishment
(‘year effects’) is not well known.

2) Here we present the first results from a long-term field experiment (POEM: PriOrity Effects
Mechanisms) initiated in 2020 in Northern Germany to test how plant functional group (PFG)
order of arrival and the year of initiation of an experiment interactively affect the structure and
functioning of nutrient-poor dry acidic grasslands, both above and belowground. To do this, we
established the same experiment, manipulating the order of arrival of forbs, grasses and legumes
on the same site, but in different years.

3) We found that time since establishment was a stronger driver of plant community composition
than PFG order of arrival and year of initiation. These three factors interactively affected plant
species diversity, with the effect of PFG order of arrival on plant species richness depending on
time since establishment. Year of initiation, not PFG order of arrival, was the strongest driver of
aboveground community productivity. Although we did not find any effect of PFG order of arrival
on root productivity, it had a strong impact on the vertical distribution of roots. Communities where
grasses were sown first rooted more shallowly than communities in which forbs or legumes were
sown first.

4) Synthesis: Our results demonstrate that plant order of arrival and year effects jointly affect plant
diversity and species composition, with time since establishment also playing an important role.
While year effects were more important than plant order of arrival in modulating aboveground
biomass production in our nutrient-poor grassland, we showed that plant order of arrival can
strongly affect the vertical distribution of roots, with communities in which forbs or legumes were
sown first rooting deeper than grasses-first communities. These results suggest that a deeper
understanding of priority and year effects is needed to better predict restoration outcomes.

23

https://biorxiv.org/cgi/content/short/2023.11.14.566982v1


Keywords: plant order of arrival, community assembly, vertical root distribution, species coexistance, 
field experiment, grassland restoration, productivity, community structure, plant diversity 

Introduction 

Grasslands are a dominant land use type all 
across the globe. Their conservation and 
restoration are critical to combat both the 
biodiversity and climate crises. In the UN Decade 
on Ecosystem Restoration (2021-2030), the 
pivotal role that species-rich grasslands could 
potentially play in both ensuring resilience in the 
face of extreme weather events, storing 
belowground carbon (Dass et al., 2018) as well 
as swiftly restoring biodiversity (Staude et al., 
2023; Temperton et al., 2019) is gaining traction. 
Against this backdrop, there is increasing interest 
in implementing effective multifunctional 
grasslands into existing landscapes 
(Temperton et al., 2019; Wilsey, 2020). Until 
recently, however, species-rich grassland 
restoration was mainly focused on creating 
as biodiverse grasslands as possible, with 
aspects of ecosystem functioning (such as 
productivity, nutrient cycling or carbon 
storage) having only attracted concerted 
attention within more academic 
biodiversity-ecosystem functioning (BEF) 
experiments (Lambers et al., 2004; Weisser et 
al., 2017). Thus, we still lack a 
comprehensive understanding of how to 
restore grasslands to promote habitat-specific 
plant diversity and enhance ecosystem 
functioning at the same time. 

Grassland experiments that 
manipulate community assembly such that 
different plant functional groups (hereafter 
called PFG) arrive earlier than others have 
shown that the legacy of which functional 
group establish first at a site after disturbance 
can alter not only plant diversity but also 
ecosystem productivity (Delory et al., 2019; 
Körner et al., 2008; von Gillhaussen et al., 

2014; Weidlich et al., 2017). Such so-called 
priority effect approaches, whereby arrival order 
or initial relative abundance of species can 
significantly influence further community 
assembly, community structure and composition 
and/or ecosystem functioning (Drake, 1991; 
Fukami, 2015) are well known within the field of 
ecological restoration (Funk et al., 2008). Many 
priority effect studies have focused on reducing 
the performance of unwanted invasive species by 
sowing target species first to keep the invader 
out (Hess et al., 2019; Martin & Wilsey, 2012; 
Yannelli et al., 2020). However, the key 
limitation for grassland restoration is not 
invasive species, but a need for restoring 
diversity and aiming for higher productivity, 
resilience to drought or sequestering carbon in 
soils (Lyons et al., 2023). Sowing certain species 
or PFG before others may induce desired 
trajectories that create the kind of multifunctional 
outcomes we are currently looking for (Weidlich 
et al., 2021). 

Studies that have followed the PFG approach 
cluster species based on their traits or degree of 
phylogenetic relatedness, and manipulate their 
order of arrival in grassland systems under 
controlled and field conditions (see Weidlich et 
al., (2021) for an overview). These studies found 
clear effects of PFG order of arrival on 
productivity, both aboveground (Körner et al., 
2008; von Gillhaussen et al., 2014; Weidlich et 
al., 2017) and belowground (Körner et al., 2008; 
Weidlich et al., 2018), with communities where 
legumes were sown before the rest often having 
higher aboveground productivity, but lower root 
biomass in the topsoil. In a controlled 
experiment, we showed that manipulating PFG 

24



order of arrival can also affect the vertical 
distribution of roots in the soil, with communities 
where grasses were sown first rooting more 
shallowly than communities where either forbs 
or legumes were sown first (Alonso-Crespo et al., 
2023). It is not known whether these results are 
also valid under field conditions, which argues in 
favor of longer-term experiments to monitor root 
development and distribution, using 
minirhizotron tubes for example. 

We expect stronger priority effects in ecosystems 
with higher availability of resources (Chase, 
2003), since in more nutrient-rich sites 
competitive species may be better able to 
preempt resources and thus affect later arriving 
species through asymmetric competition, 
creating stronger priority effects. Conversely, if 
such priority effects include facilitative 
interactions, this may lead to more ecologically 
even communities that can create both plant 
diversity as well as perhaps resilience, better 
carbon storage and increased hay productivity (as 
a motivation to farmers to maintain such 
grasslands). Previous PFG priority studies have 
generally focused on more mesotrophic 
grassland settings (Weidlich et al., 2017), 
whereas the current study examines whether we 
can find above and belowground priority effects 
in a low nutrient dry acidic grassland. 

Despite the importance of time and persistence of 
priority effects for trajectories and alternative 
states of plant communities, little attention has so 
far been paid to either long term or year effects 
(e.g. the environmental conditions in which the 
initial community assembly takes place) possibly 
since it requires a huge effort to set up the same 
experiment repeatedly over time (Stuble et al., 
2017.b). Evidence for year effects has been hard 
to extract from studies due to correlational 

considerations and confounding factors (Groves 
et al., 2020; MacDougall et al., 2008), but (Stuble 
et al., 2017.a) studied the effect of year of 
initiation and site on restoration outcomes and 
found both strong site and year effects on 
community composition. In another study, 
(Stuble et al., 2017.b) manipulated the timing of 
arrival of native and exotic grasses in Californian 
grasslands across different sites and years, and 
found that the strength of priority effects was 
strongly dependent on the location of the 
experimental site and the year in which an 
experiment was initiated. A study by (Groves & 
Brudvig, 2019) where year of initiation and 
precipitation were manipulated underlined that 
year effects can occur even if precipitation is held 
constant, suggesting an important role for 
environmental variables other than precipitation 
in driving year effects during restoration. 
(Werner et al., 2020) went further by including 
two different sowing intervals (2 weeks and one 
year) within priority effect treatments across sites 
and initiated in different years. They found that 
the year effect was by far the largest driver of 
outcomes, followed by priority (sowing interval) 
and site treatments. Interannual variation in 
environmental conditions during plant 
establishment has also been shown to be an 
important driver of the taxonomic and functional 
composition and diversity of plant communities, 
with consequences for ecosystem functioning 
(Atkinson et al., 2023; Catano et al., 2023; 
Werner et al., 2020). To better predict restoration 
outcomes, it is necessary to delve deeper into the 
ecological mechanisms underlying year effects 
and their context-dependence.(Atkinson et al., 
2023; Catano et al., 2023; Groves & Brudvig, 
2019; MacDougall et al., 2008) 

Although it has been shown that PFG order of 
arrival can affect community structure, above 
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and belowground productivity, and root 
distribution in the soil (Alonso-Crespo et al., 
2023; Körner et al., 2008; von Gillhaussen et al., 
2014; Weidlich et al., 2017, 2018), little is known 
about how persistent these priority effects are 
over time and how this is mediated by the 
environmental conditions during establishment. 
Additionally, belowground, it remains uncertain 
whether priority effects on root productivity are 
a consequence of changes in the total root 
productivity or changes in the vertical root 
distribution. 

In this study, we present the first results of a long-
term field experiment (POEM, PriOrity Effect 
Mechanisms) initiated in 2020 and designed to 
test how priority and year effects modulate the 
structure and functioning of dry acidic grassland 
plant communities over time, both aboveground 
and belowground. To do this, we set up 
independent sub-experiments at a site in 
Northern Germany, where we tested the same 
PFG order of arrival scenarios, but in different 
years. Here, we used species-specific shoot 
biomass data collected between 2020 and 2023, 
as well as root images taken at different depths 
using minirhizotrons between 2021 and 2023, to 
address the following hypotheses:   

(1) Manipulating PFG order of arrival affects
species composition and plant diversity,
with plant communities following
different trajectories depending on the
year of initiation of an experiment.

(2) PFG order of arrival and year of initiation
interactively affect the aboveground
productivity of plant communities.
Following previous work (Körner et al.,
2008; Weidlich et al., 2017), we expect
plant communities in which legumes
were sown first to be the most productive,

but not necessarily for each year of 
initiation. 

(3) Root productivity in the first 50 cm of soil
depends on PFG order of arrival, with
plant communities in which legumes
were sown first being the least productive
belowground (Körner et al., 2008;
Weidlich et al., 2018).

(4) PFG order of arrival affects the vertical
distribution of roots at the community
level. Following previous work (Alonso-
Crespo et al., 2023), we expect
communities in which forbs or legumes
were sown first to root deeper than
communities in which grasses were sown
first.

Material and Methods 

Study site 

The POEM experiment is located on a former 
arable land owned by a local conservation 
organisation (Verein Naturschutzpark, VNP) in a 
fenced area in Niederhaverbeck, Germany 
(latitude: 53.144272, longitude: 9.912668; 
altitude: 105 m a.s.l.; mean annual air 
temperature: 10.2°C; minimum air temperature: 
-14.9°C; maximum air temperature: 38.7°C;
mean annual precipitation: 684 mm, 2020-2023).
The experiment was set up on a soil that is
appropriate for establishing dry acidic grassland
communities (sand fraction: 93%; clay and silt
fraction: 4%; pH (CaCl2) 4.9; organic matter
content: 2.3%; total N: 0.07%; total C: 0.98%;
C/N: 12.1). Our experimental site had been used
during the last 200 years as a cultivated arable
field. In the years preceding the experiment, the
following species were grown in our
experimental area: Trifolium repens, Trifolium
pratense, Trifolium incarnatum, Lolium perenne,
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Festulolium (Festuca sp. × Lolium sp.) and 
Secale cereale. 

Species pool and classification into plant 
functional groups 

A total of fourteen plant species were used in this 
field experiment: four N2-fixing legumes 
(Lathyrus pratensis L., Lotus corniculatus L., 
Trifolium arvense L., and Trifolium campestre 
Schreb.), four grasses (Agrostis capillaris L., 
Anthoxanthum odoratum L., Bromus hordeaceus 
L., and Festuca ovina agg.), and six forbs 
(Dianthus deltoides L., Jasione montana L., 
Pilosella officinarum L., Pimpinella saxifraga 
L., Potentilla argentea L., and Silene vulgaris 
(Moench) Garcke). These species were chosen 
based on typical plant functional group ratios 
found in dry acidic grasslands (i.e. more forbs 
than grasses and legumes), as well as their 
availability from a regional/local wild seed 
company. The seeds of all species were obtained 
from Rieger-Hofmann GmbH (Blaufelden, 
Germany). 

Experimental design 

The POEM field experiment was set up using a 
full factorial design to test for the influence of (1) 
plant functional group (PFG) order of arrival and 
(2) the year of initiation of an experiment on the
aboveground and belowground structure and
functioning of dry grassland plant communities.

Year of initiation effects are tested by setting up 
the same experiment at the same site, but in a 
separate block, in four different years. Here, we 
use the results obtained for the first two sub-
experiments set up in 2020 (referred to as 
POEM2020) and 2021 (referred to as 
POEM2021), respectively. Two additional sub-
experiments will be set up in the coming years. 

In each POEM sub-experiment, we manipulated 
the order of arrival of forbs, grasses and legumes. 
We tested five arrival scenarios: (1) simultaneous 
sowing of forbs, grasses and legumes at the first 
sowing event (synchronous, S), (2) forbs sown 
six weeks before grasses and legumes (F), (3) 
grasses sown six weeks before forbs and legumes 
(G), (4) legumes sown six weeks before forbs and 
grasses (L), and (5) no sowing of additional 
species (free succession, B) (Figure 1). Each 
arrival scenario was replicated 5 times in each 
sub-experiment. Thus, each POEM sub-
experiment consists of 25 mixture plots of 9 m² 
(3 m×3 m). Next to these mixture plots, we also 
set up 14 monoculture plots of 4 m² (2 m×2 m) in 
which each species from our species pool grew 
on its own and here the plots were regularly 
weeded. New monoculture plots were set up for 
every year of initiation. Within each sub-
experiment, experimental treatments and species 
identity were randomly assigned spatially to 
mixture and monoculture plots, respectively. 
Both PFG order of arrival (5 levels: S, F, G, L, 
B) and the year of initiation of the experiment (2
levels: POEM2020 and POEM2021) are
considered fixed factors in the experiment.

Our experimental site has been equipped with a 
weather station that continuously monitors air 
temperature (°C), air relative humidity (%), 
precipitation (mm), precipitation intensity 
(mm/h), wind speed (m/s), wind direction (°), 
atmospheric pressure (hPa), global radiation 
(W/m²), photosynthetically active radiation 
(µmol m-2 s-1), soil volumetric water content at 
10, 20, 30, and 40 cm (%), and soil temperature 
at 5 cm (°C) (Figure S1.A).  

Experimental setup 

Before starting each sub-experiment, the 
experimental area was harrowed, plots were 
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marked and weeded, and large stones were 
removed by hand. The first sowing event took 
place on April 27, 2020 (for POEM2020) and 
April 13, 2021 (for POEM2021). The second 
sowing event took place six weeks later on June 
8, 2020 (for POEM2020) and May 25, 2021 (for 
POEM2021) (Figure S1.B). Before starting each 
sub-experiment, the germination rate of each 
species was measured under controlled 
conditions. Mixture and monoculture plots were 
sown with 1000 viable seeds per m². Seed 
mixtures were prepared so that (1) all PFG had 
the same relative abundance and (2) all species 
within each PFG had the same relative 
abundance. A detailed description of the 
composition of the seed mixtures used for each 
sub-experiment is provided in Tables S1 and S2. 
In the first sowing, the seeds were mixed with 
two cups of sand and spread evenly over the 
surface of the plots. A similar approach was used 
in the second sowing, but the seeds were sown 
from above, as we did not mow the plots before 
the second sowing and we were careful not to 
disturb the plants growing in the plots. After 
starting each sub-experiment, we stopped 
weeding unsown species (i.e., species invading 
the plots or originating from the soil seedbank) 
because the longer term goal is to simulate 
ecological restoration where only one (or two) 
sowing events usually are used and then the site 
is allowed to undergo natural assembly 
processes. Monoculture plots, however, were 
regularly weeded. The surroundings of the 
experiment and the paths between the plots were 
sown with the non-clonal grass Festuca rubra 
spp. commutata Gaudin. All plots were mown 
once a year in August. 

Installation of minirhizotron tubes 

In order to be able to non-destructively monitor 
root development and distribution over time, we 
installed acrylic minirhizotron tubes in 
synchronous, forbs-first, grasses-first, and 
legumes-first plots of POEM2021. We did this in 
October 2020, i.e. six months before starting the 
second POEM sub-experiment. In each plot, two 
one-metre long minirhizotron tubes (Vienna 
Scientific Instruments Gmbh; outer diameter: 60 
mm; wall thickness: 3 mm) were installed at a 
45° angle using a 58-mm diameter soil corer 
(Vienna Scientific Instruments Gmbh). All 
minirhizotron tubes were closed on both sides 
and were installed as shown in Figure S2, with 
the upper 21 cm of the tubes sticking out of the 
soil. The aboveground portion of the observation 
tubes was closed with a water- and light-tight 
plastic cap and covered with pipe insulation foam 
to exclude light and reduce thermal fluctuations. 
Within a plot, minirhizotron tubes were installed 
in the same direction (east-west or west-east), 
which was randomly selected for each plot. 
Between October 2020 and April 2021, the 
experimental area of POEM2021 was covered 
with a water-permeable ground sheet in order to 
avoid plant growth. A step-by-step description of 
the installation of minirhizotron tubes in 
POEM2021 is available in the video provided as 
supplementary material. 

Aboveground data collection 

The structure of plant communities was assessed 
once a year by recording the total shoot dry 
weight of each individual species (sown and 
unsown species) located inside two randomly 
positioned 0.1 m² quadrats (20 cm × 50 cm). Four 
quadrats per plot were harvested at the end of the 
first growing season of POEM2020, but data 
showed that good estimates of community 
productivity can be achieved with only two 
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quadrats. These harvests were organised each 
year during the peak biomass production in 
June/July. At harvest, plants were cut 3 cm above 
the soil surface and sorted at the species level 
directly in the field. Shoot samples were dried in 
an oven at 60°C for at least 48 h and weighed on 
an analytical scale. For each plot, total 
aboveground productivity was calculated as the 
sum of the contributions of each individual 
species growing in the communities.  

In order to get better estimates of the realised 
plant species richness inside the plots, the 
presence and absence of sown and unsown 
species was also monitored once a year, typically 
before collecting shoot biomass samples. These 
data were collected in all sub-experiments as of 
June 2021. 

Root image acquisition 

High-resolution images of roots growing along 
the transparent minirhizotron tubes were 
acquired regularly using the VSI MS-190 manual 
camera (Vienna Scientific Instruments Gmbh). 
Root images (2340×2400 pixels; resolution: 148 
pixels/mm) were taken at 18 different depths, 
equally spaced from 1.4 cm to 49.5 cm deep 
(Figure S2). When taking root images, the 
camera was always pointing upwards. Weather 
permitting, image acquisition was conducted 
twice a month from April 2021 to September 
2021, once a month from October 2021 to March 
2022, twice a month from April 2022 to 
September 2022, and once a month thereafter. 
Images were collected at 33 time points between 
April 2021 and June 2023 (3 growing seasons), 
which represents a total of 23,720 root images. 

Root image analysis 

Root images were analysed using an approach 
similar to (Alonso-Crespo et al., 2023). First, we 

used RootPainter (Version: 0.2.27) to train a 
convolutional neural network to detect roots in 
our images (Smith et al., 2022). To do this, we 
first created two independent datasets of 1,440 
images. Each dataset consisted of all the images 
taken at two different time points, one year apart. 
We did this to ensure that each dataset included a 
wide variety of images. Each dataset consisted of 
images from different time points. Then, we used 
RootPainter to randomly select two subregions 
(800×800 pixels) from each image of each 
dataset, thus creating two training datasets of 
2,880 images each. Each training dataset was 
then assigned to a different user with previous 
experience with image annotation and model 
training with RootPainter. Each user annotated at 
least 500 images of their training dataset 
(corrective annotations) and trained their model 
until predictions successfully identified most of 
the roots in training images. Both users used the 
same set of rules for annotating images. In 
particular, users aimed to train a model able to 
detect the centerline of living roots, thus avoiding 
dead roots, root edges, soil background, water 
droplets and scratches at the surface of the 
minirhizotron tubes. This strategy proved useful 
in segmenting roots growing next to each other 
separately. Following this initial training 
procedure, the two users combined their training 
images and annotations and began training a third 
model, using the best of their two models as a 
starting point. This third model performed better 
than the models obtained by each user alone and 
was used to segment all root images in our 
dataset. Model training and image segmentation 
were done on a GPU node (NVIDIA Ampere 
A100 GPU with 40 GB memory) of a computer 
cluster available at the Leuphana University 
Lüneburg (Germany).     
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Segmented images were analysed with 
RhizoVision Explorer 2.0.3 (Seethepalli et al., 
2021) to estimate the total root length and the 
projected root surface area in each image. These 
parameters were then used to estimate the planar 
root length density (pRLD, total root length 
divided by image area, cm cm-2) and the planar 
root surface density (pRSD, projected root 
surface area divided by image area, cm2 cm-2). 
Both pRLD and pRSD were highly correlated 
(r=0.96, P < 0.0001). Because our image 
segmentation model was trained to detect the 
centerline of the roots, we probably 
underestimated pRSD and decided to focus on 
pRLD in this paper (but see supplementary 
information for results using pRSD).  

Data analysis 

Differences in plant community structure and 
community assembly trajectories were visualised 
using non-metric multidimensional scaling 
(NMDS). NMDS was performed with the 
metaMDS function of the R package vegan 
(Oksanen et al., 2022). We performed this 
analysis twice, on two different datasets: (1) 
species-specific plant biomass data (continuous 
data) measured for the three first growing 
seasons of POEM2020 and POEM2021, and (2) 
species presence/absence (binary data) measured 
as of June 2021. We used the Bray-Curtis 
dissimilarity index for plant biomass data and the 
Jaccard dissimilarity index for presence/absence 
data. Before NMDS, square root transformation 

Figure 1. PFG order of arrival scenarios tested in the first two POEM sub-experiments. We tested five 
PFG order of arrival scenarios: (1) simultaneous sowing of forbs, grasses and legumes at the first sowing 
event (synchronous, S), (2) forbs sown six weeks before grasses and legumes (F), (3) grasses sown six 
weeks before forbs and legumes (G), (4) legumes sown six weeks before forbs and grasses (L), and (5) 
no sowing of additional species (free succession, B). 
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and Wisconsin double standardisation were 
applied to plant biomass data. In order to test for 
differences in composition between treatments, 
we conducted two permutational multivariate 
analyses of variance (PERMANOVA) using 
PFG order of arrival (categorical variable with 5 
levels: S, F, G, L, B), year of initiation 
(categorical variable with 2 levels: POEM2020 
and POEM2021), sampling year (categorical 
variable with 3 levels: year 1 to 3) and their 
interactions as fixed factors (Anderson, 2001). F-
statistics and P-values were computed based on 
1000 permutations. All PERMANOVA models 
were fitted using the adonis2 function of the R 
package vegan  (Oksanen et al., 2022). The same 
distance matrix was used for the NMDS and the 
PERMANOVA. Although distance-based 
multivariate analyses are known to confound 
location and dispersion effects (Warton, Wright 
& Wang, 2012), PERMANOVA has been shown 
to be largely insensitive to heterogeneity in 
multivariate dispersion between groups in the 
case of balanced designs (Anderson & Walsh, 
2013), which is the case in this study.  

The effects of PFG order of arrival, year of 
initiation and sampling year on plant diversity 
were analysed at the alpha level using Hill 
numbers (Chao et al., 2014). For each 
combination of experiment, sampling year and 
PFG order of arrival, we constructed diversity 
profile plots to visualise how the effective 
number of plant species (D) changes with 
diversity order (q). Diversity order is a parameter 
used to adjust the sensitivity of D to the relative 
abundance of species in a community. We 
calculated effective taxonomic diversity (D) of 
order q for S species using Equations 1a (q ≥ 0, q 
≠ 1) and 1b (q = 1), where pij is the relative 
abundance of species i in plot j. This was done 
using the hillR R package (Li, 2018). When q=0, 

all species are weighted equally, which is 
equivalent to species richness. Using larger 
values of q increases the weight of abundant 
species relative to rare ones. 1D (i.e., effective 
diversity of order 1) is equivalent to the 
exponential of Shannon entropy, while 2D (i.e., 
effective diversity of order 2) is equivalent to the 
inverse Simpson concentration. In terms of 
interpretation, qD = x means that the diversity of 
order q of this assemblage is equivalent to an 
idealised assemblage consisting of x equally 
abundant species. The effects of PFG order of 
arrival, year of initiation, sampling year and their 
interactions on plant diversity at q=0, q=1 and 
q=2 were analysed using three separate 
generalised linear mixed-effect models. Each 
model was fitted with the lme4 R package (Bates 
et al., 2015) using a Gamma distribution and a 
log-link function. Because data were collected in 
the same plots for three years, plot ID was used 
as a random effect in the model (random 
intercept). Post-hoc tests were carried out using 
the emmeans R package (Lenth, 2023). 

𝐷𝑗 = (∑ 𝑝𝑖𝑗
𝑞𝑆

𝑖=1 )
1/(1−𝑞)

, 𝑞 ≥ 0, 𝑞 ≠ 1
𝑞  

Equation 1a 

𝐷𝑗 = lim
𝑞→1

𝐷𝑗
𝑞

= exp(−∑ 𝑝𝑖𝑗 log 𝑝𝑖𝑗
𝑆
𝑖=1 )1 , 𝑞 = 1 

Equation 1b 

The effects of PFG order of arrival, year of 
initiation, sampling year and their interactions on 
total aboveground productivity (g/m²) were 
analysed using a generalised linear-mixed-effect 
model. Plot ID was used as a random effect 
(random intercept). The model was fitted with 
the lme4 R package (Bates et al., 2015) using a 
Gamma distribution and a log-link function. 
Post-hoc tests were carried out using the 
emmeans R package (Lenth, 2023). 
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As a proxy for root productivity in a plot at a 
given time point, we calculated the average 
planar root length density (pRLD) across 36 
minirhizotron images (2 tubes/plot × 18 
images/tube). We then modelled the temporal 
evolution of pRLD for each PFG order of arrival 
using a generalised additive model (GAM). The 
model included three components: (1) a fixed 
effect for PFG order of arrival, (2) a smooth 
function of time since the start of the experiment 
(thin plate regression spline), conditioned by 
PFG order of arrival (the number of basic 
functions, k, was set to the number of time points 
in the dataset), and (3) a random effect smooth 
for plot ID. This model was fitted with the mgcv 
R package (Wood, 2017) using a tweedie family 
distribution with a log-link function. We used the 
same approach to model the temporal evolution 
of pRSD for each PFG order of arrival. 

We assessed how PFG order of arrival affected 
the vertical distribution of roots in two 
complementary ways: (1) by modelling the 
temporal evolution of the average rooting depth 
of plant communities, and (2) by modelling the 
evolution of pRLD as a function of time and soil 
depth. The same approach has been used for 
pRSD data, so we focus solely on pRLD in the 
following paragraphs. 

At each time point, the mean rooting depth 
(MRD) in plot j was calculated using equation 2, 
where dij is the soil depth at location i in plot j, 
and pRLDij is the average pRLD measured at 
location i in plot j. The temporal evolution of 
MRD was then modelled using a generalised 
additive model consisting of three components: 
(1) a fixed effect for PFG order of arrival, (2) a
smooth function of time since the start of the
experiment (thin plate regression spline),
conditioned by PFG order of arrival (the number

of basis functions, k, was set to the number of 
time points in the dataset), and (3) a random 
effect smooth for plot ID. This model was fitted 
with the mgcv R package (Wood, 2017) using a 
tweedie family distribution with a log-link 
function.   

𝑀𝑅𝐷𝑗 =
∑ 𝑑𝑖𝑗×𝑝𝑅𝐿𝐷𝑖𝑗
𝑛
𝑖=1

∑ 𝑝𝑅𝐿𝐷𝑖𝑗
𝑛
𝑖=1

Equation 2 

Changes in pRLD as a function of time and soil 
depth were modelled using a generalised 
additive model. The model included three 
components: (1) a fixed effect for PFG order of 
arrival, (2) a tensor product smooth function of 
time since the start of the experiment and soil 
depth (cubic regression spline), conditioned by 
PFG order of arrival, and (3) a random effect 
smooth for plot ID. This GAM was fitted with 
the mgcv R package (Wood, 2017) using a 
tweedie family distribution with a log-link 
function. 

Data  analysis  was  performed  in  R  version  
4.2.3 (R Core Team, 2023). In addition to the R 
packages mentioned above, the following R 
packages were used for data exploration, 
visualisation and analysis: R packages 
included in tidyverse (Wickham et al., 2019), 
car (Fox et al., 2019), Hmisc (Harrell, 
2023), ggpubr (Kassambara, 2023), gtools 
(Bolker et al,. 2022), ggConvexHull
(Martin, 2017) and viridis (Garnier et al., 
2021).  
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Results 

Time since establishment drives plant 
community composition more strongly than 
PFG order of arrival and year of initiation 

Overall, time since establishment (partial R²: 37-
39%) had a much stronger effect on the 
composition of plant communities than PFG 
order of arrival (partial R²: 8-10%) and the year 

Figure 2. Time since establishment drives plant community composition more strongly than PFG order 
of arrival and year of initiation. Panels A and B are non-metric multidimensional scaling (NMDS) plots 
showing dissimilarities in plant community composition observed after one, two and three growing 
seasons between plots of two POEM sub-experiments (POEM2020 and POEM2021) in which PFG order 
of arrival was manipulated. Species-specific biomass data were used in panel A (stress: 0.166). Species 
presence/absence data were used in panel B (stress: 0.148; no data available for the first growing season 
of POEM2020). For each combination of year of initiation, sampling year and PFG order of arrival, the 
centroid position and associated 95% confidence intervals computed using non-parametric bootstrap 
(gray segments) are shown (n=5). 
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of initiation of an experiment (partial R²: 6-8%). 
This result was consistent for both biomass 
(Figure 2A, Table S3) and presence/absence data 
(Figure 2B, Table S4). The effect of PFG order 
of arrival on species composition was similar 
across combinations of year of initiation and 
sampling year (Figure 2A, P = 0.082; Figure 2B, 
P=0.966). Except for free succession plots, plant 
communities followed similar, but not identical, 
trajectories across PFG order of arrival scenarios 
within each sub-experiment, confirming that 
PFG arrival order plays a role, albeit a modest 
one, in modulating species composition (see 
Tables S3-S4 and next section on plant 
diversity). Plant communities in both 
experiments remained different over the 3-year 
study period, which highlights the important role 
of year of initiation for community assembly in 
our POEM experiment (Figure 2, Tables S3-S4). 

During the first growing season of both sub-
experiments, plant communities were strongly 
dominated by unsown species, which represented 
on average 97% and 93% of the total amount of 
biomass collected at harvest in POEM2020 and 
POEM2021, respectively. It was not until the 
second growing season that the sown species 
started to take over in the treatment plots, 
particularly in POEM2021 (Figure S3). In the 
second growing season, sown species 
represented on average 77% and 93% of the 
harvested biomass in the first and second sub-
experiments, respectively (Figure S3). The 
relative proportion of sown species measured at 
the end of the third growing season reached very 
similar values (72% for POEM2020, 93% for 
POEM2021).  

In both sub-experiments, forbs were most 
productive in plots where this PFG was given a 
head start, while grasses (especially Bromus 

hordeaceus) were usually more abundant in 
synchronous and grasses-first plots, particularly 
at the end of the second growing season (Figure 
S4). Legumes, however, showed a more 
complicated pattern. Although Trifolium arvense 
established quite well in synchronous and 
legumes-first plots of POEM2021, legumes were 
not necessarily the most productive in plots 
where they were sown first (Figure S4). 

Time since establishment, PFG order of 
arrival and year of initiation interactively 
modulate plant diversity 

PFG order of arrival had distinct effects on plant 
diversity in each sub-experiment, particularly in 
the two first growing seasons (Figure 3, see 
Tables S5-7 for statistics). Plant species richness 
(q=0) was weakly affected by the year of 
initiation of an experiment, but was mainly 
dependent on PFG order of arrival and time since 
establishment (Figure 3, Table S5). At the end of 
the first growing season, we harvested on average 
seven species more in synchronous plots than in 
free succession plots in both sub-experiments. In 
synchronous communities of POEM2021, we 
also harvested on average four to six species 
more than in plots where one PFG was sown 
before the other two. When more weights are 
given to abundant species (i.e., at higher values 
of q), plant diversity decreased and did not differ 
between PFG arrival scenarios, except for forbs-
first plots which were less diverse than 
synchronous plots at the end of the first growing 
season of POEM2021. When more weights are 
given to very dominant species (q=2), our plant 
communities were equivalent to an idealised 
assemblage with 3 (POEM2020) and 2 
(POEM2021) equally abundant species, which is 
due to the strong dominance of the unsown 
species Spergula arvensis (58%), Erodium 
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cicutarium (13%), Anthemis arvensis (12%) and 
Chenopodium album (6%) after one growing 
season (Figure 3). 

After two growing seasons, we harvested on 
average four to seven species more in legumes-
first plots than in free succession plots in both 
sub-experiments (Figure 3). Plant species 

richness, however, did not differ between plots 
where legumes were sown first and other PFG 
arrival scenarios, except for grasses-first plots in 
POEM2020 which had on average five species 
less than legumes-first plots. With greater 
weights for abundant (q=1) and dominant (q=2) 
species, plant diversity decreased more strongly 
in synchronous and grasses-first plots in 

Figure 3. Time since establishment, PFG order of arrival and year of initiation interactively modulate 
plant diversity. These diversity profile plots show how the effective number of species (D) changes as a 
function of diversity order (q) for each combination of year of initiation, sampling year and PFG order 
of arrival. Lines and shaded areas show the average value and 95% confidence intervals (Gaussian) across 
five replicates, respectively. D values at q=0, q=1 and q=2 are equivalent to species richness, the 
exponential of Shannon entropy, and the inverse Simpson concentration, respectively. Increasing the 
value of q increases the weight of abundant species relative to rare ones. In terms of interpretation, if 
D=10 at q=0, this means that 10 species were present in the community (species richness). If D=3 at q=2, 
this means that the species diversity of order 2 of the community is equivalent to an idealised assemblage 
consisting of 3 equally abundant species (which would suggest that the assemblage contains 3 very 
dominant species). An assemblage whose species are all equally abundant (i.e., perfectly even 
assemblage) would be represented by a horizontal diversity profile (i.e., D equals to species richness for 
all values of q). 
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POEM2020, which highlights the overall 
negative effect that an early arrival of grasses had 
on plant diversity and community evenness in 
our experiment. This is mainly due to the strong 
dominance of the sown grass species Bromus 
hordeaceus (70-81%) in synchronous and 
grasses-first plots after two growing seasons. We 
did not find this pattern in our second sub-
experiment, although grasses-first plots tended to 
be on average less diverse than the others (Figure 
3). 

Interestingly, towards the end of the third 
growing season, plots in which forbs were sown 
first became the most diverse (on average, four 
additional species collected at harvest) and had 
two times more common (q=1) and dominant 
species (q=2) than grasses-first plots (Figure 3). 
This result was observed in both sub-
experiments. In POEM2020, we also found that 
legumes-first plots were more diverse than 
grasses-first plots. In POEM2021, plots in which 
forb species were sown first also contained two 
times more common and dominant species than 
free succession plots (Figure 3).  

Figure 4. Year of initiation, not PFG order of arrival, is the main driver of aboveground productivity. For 
each combination of year of initiation, PFG of arrival and sampling year, the mean value (closed dot) and 
95% confidence interval computed using non-parametric bootstrap are shown (n=5). Open dots represent 
the observed shoot dry weight values, which are jittered horizontally to improve readability. S, 
synchronous sowing of forbs, grasses and legumes; F, forbs sown first; G, grasses sown first; L, legumes 
sown first; B free succession plots. 
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These results indicate that PFG order of arrival 
modulates plant diversity, but that this effect 
evolves over time and depends on the year of 
initiation of an experiment. 

Year of initiation, not PFG order of arrival, is 
the main driver of aboveground productivity 
Across sub-experiments and sampling years, we 
never found any difference in standing shoot 

Figure 5. Root productivity was weakly affected by PFG order of arrival. Panel A shows the evolution 
of maximum, mean and minimum air temperature (°C), as well as daily precipitation (mm), at our 
experimental site between April 2021 and June 2023. Panel B shows the temporal evolution of the 
average planar root length density (pRLD) measured in POEM2021 plots for each PFG order of arrival 
scenario using minirhizotrons. Points and error bars indicate mean pRLD values and 95% confidence 
intervals (non-parametric bootstrap) measured at 33 time points spread over the first 800 days of 
POEM2021, respectively. Continuous lines are predictions from a generalised additive model. S, 
synchronous sowing of forbs, grasses and legumes; F, forbs sown first; G, grasses sown first; L, legumes 
sown first. 
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biomass production between plots in which PFG 
order of arrival was explicitly manipulated (S, F, 
G and L plots), which strongly suggests that 
manipulating the order of arrival of forbs, grasses 
and legumes only had a weak effect on 
aboveground productivity in our experimental 
system (Figure 4; see Table S8 for statistics). 
Standing shoot biomass differed between free 
succession plots and other PFG order of arrival 
scenarios, but only in the second growing season 
of both sub-experiments. In that year, plots in 
which all functional groups were sown 
simultaneously were on average 118% 
(POEM2020) and 72% (POEM2021) more 
productive than free succession plots. In the first 
sub-experiment (POEM2020), grasses-first plots 
were also 129% more productive than free 
succession plots in the second growing season. In 
the same year, legumes-first plots were 69% 
more productive than free successions in the 

second sub-experiment (POEM2021). The year 
of initiation of each experiment also had a major 
impact on the aboveground productivity of plant 
communities. On average, plots were 38% less 
productive in the sub-experiment set up in 2021 
than in the sub-experiment set up in 2020 (Figure 
4, Table S8). 

Root productivity was weakly affected by 
PFG order of arrival 

Using the average planar root length density 
(pRLD, Figure 5) and average planar root surface 
density (pRSD, Figure S5) measured in a plot 
using minirhizotron images as proxies for 
standing root biomass production, we found that 
PFG order of arrival did not affect belowground 
productivity over the 3-year study period (pRLD: 
P = 0.275; pRSD: P = 0.166). At peak root 
production (day 772 on May 25, 2023), however, 
the planar root length density measured in 

Figure 6. Sowing forbs or legumes first led to deeper-rooted plant communities. The raster image in each 
panel shows predictions from a first generalised additive model of the planar root length density (pRLD) as 
a function of time since the start of the experiment (0-800 days) and soil depth (1.4-49.5 cm). Results are 
plotted separately for each PFG order of arrival scenario. On top of each raster, white dots and error bars 
indicate the mean values and 95% confidence intervals (non-parametric bootstrap) of the mean rooting depth 
(MRD) estimated from planar root length density data between days 100 and 800, respectively. Continuous 
lines are predicted MRD values from a second generalised additive model. 
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synchronous plots was on average 13%, 24%, 
and 19% greater than in plots where forbs, 
grasses, or legumes were sown first. 

 Sowing forbs or legumes first led to deeper-
rooted plant communities 

Although our results do not provide strong 
support for the existence of differences in root 
productivity between PFG order of arrival 
scenarios, they do show that manipulating the 
arrival order of grasses, forbs and legumes had a 
strong impact on the vertical distribution of roots 
and the average rooting depth of plant 
communities (pRLD: P = 0.005; pRSD: P = 
0.004). On average, forbs-first and legumes-first 
communities rooted 41% and 29% deeper than 
communities where grasses were sown first, 
respectively (Figure 6; F/G: P = 0.0002; G/L: P 
= 0.0109). We obtained similar results when the 
average rooting depth of plant communities was 
estimated using planar root surface density data 
(Figure S6; F/G: P = 0.0003; G/L: P = 0.0089). 
We did not find strong evidence to support that 
the average rooting depth in synchronous 
communities was different than in forbs-first, 
grasses-first or legumes-first communities 
(Figure 6; S/F: P = 0.076; S/G: P = 0.284; S/L: P 
= 0.542). Although all PFG order of arrival 
scenarios led to the accumulation of roots ~15 cm 
below the soil surface, we also observed an 
accumulation of roots deeper into the soil (~40-
45 cm), but mostly in plots where forbs or 
legumes were sown first (Figures 6 and S6). This 
deeper root hotspot is particularly visible 
between 500 and 700 days after the start of 
POEM2021 (i.e., between September 2022 and 
March 2023). 

Discussion 

The POEM experiment enabled us to quantify the 
relative importance of PFG order of arrival, year 
of initiation and time since establishment for the 
structure and functioning of grassland plant 
communities during the first three years of 
community assembly. Our results showed that 
the year of initiation had a strong impact on the 
aboveground productivity of plant communities, 
but was a less important driver of species 
composition and diversity than time since 
establishment and PFG order of arrival. Although 
PFG order of arrival did not affect aboveground 
and belowground productivity, our results 
demonstrate that it can modulate the vertical 
distribution of roots at the community level, with 
grasses-first communities rooting more 
shallowly than forbs-first and legumes-first 
communities.  

Contrary to our first hypothesis, we found that 
species composition was mainly driven by time 
since establishment and, to a smaller extent, PFG 
order of arrival and year of initiation. Plant 
diversity, however, was dependent on PFG order 
of arrival, year of initiation, and time since 
establishment. We found that the effect of PFG 
order of arrival on plant species richness was 
dependent on time since establishment, but not 
year of initiation. Previous studies from 
mesotrophic grasslands have shown that priority 
effects can affect community composition, with 
groups of species arriving first dominating 
communities (Körner et al., 2008; von 
Gillhaussen et al., 2014; Weidlich et al., 2017), 
which we did not find as strongly in our study 
after three growing seasons. Our results are in 
line with the findings of prairie grassland 
experiments manipulating grass and forb order of 
arrival (Werner et al., 2016), except that order of 
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arrival effects are weaker in our system, probably 
because of our shorter sowing interval between 
early- and late-arriving species (6 weeks vs 1 
year) and the fact that we did not weed mixture 
plots after sowing. Year effects have also been 
documented as a factor affecting community 
composition (Groves & Brudvig, 2019; Werner 
et al., 2020). For example, in an experiment 
manipulating the timing of arrival of native and 
exotic grasses across three sites and four years, 
(Stuble et al., 2017.b) found strong evidence that 
the strength of priority effects exerted by native 
species after one growing season when they were 
given a 2 week head start was modulated by site 
location and year of initiation. This contrasts 
with the results of our POEM experiment 
obtained at the end of the first growing season, 
which can certainly be explained by the fact that, 
unlike (Stuble et al., 2017.b), we did not weed 
unsown species in the mixture plots in order to 
let plant communities undergo natural assembly 
processes. In our POEM experiment, the sown 
species required time to establish, during which 
unsown weedy agricultural species established 
themselves (from the seedbank) in the first 
growing season of both sub-experiments. These 
unsown species initially outcompeted the species 
sown in the plots. From the second growing 
season onwards, however, the sown species 
dominated the plots. This effect was probably 
influenced strongly by the timing of mowing in 
such dry acidic grasslands, which is later and less 
frequent (once versus twice per growing season) 
than in mesotrophic grasslands - as we know that 
mowing gives the perennial target species an 
advantage (Kirmer et al., 2018). Our findings are 
thus in line with expectations from ecological 
theory, that in more nutrient-poor dry acidic 
grasslands (e.g. our POEM experiment) 
competitive interactions (and hence asymmetric 

competition as a mechanism of priority effects 
within niche preemption) will be weaker (Chase, 
2003), but also suggest that longer sowing 
intervals may be needed to create larger priority 
effects (Bakker et al., 2019; Case et al., 2020; 
Chen et al., 2020; Herben et al., 2018; Lepik 
et al., 2021). In both POEM sub-
experiments, the grasses-first treatment generally 
exhibited lower taxonomic diversity over the 
three growing seasons, possibly due to stronger 
competitive ability of  grass species when given 
an initial advantage (Bakker et al., 2019, 2021; 
Chen et al., 2020), allowing them to 
outcompete other species and create stronger 
priority effects (Cadotte, 2023; Werner et al., 
2016). 

Contrary to our second hypothesis, we did not 
find any strong effect of PFG order of arrival on 
standing shoot biomass production, with no 
difference in yield between synchronous, forbs-
first, grasses-first, and legumes-first 
communities. However, we found that the year of 
initiation of an experiment was a stronger driver 
of aboveground community productivity, with 
plots sown in 2020 being on average more 
productive than those sown in 2021. The 
difference in productivity can probably be 
attributed to contrasting weather conditions 
during the first growing season of each sub-
experiment (Atkinson et al., 2023; J. D. Bakker 
et al., 2003; Catano et al., 2023; Stuble et al., 
2017.a; Werner et al., 2020), but more work is 
needed to identify key weather variables driving 
this year effect. In contrast to previous studies on 
priority effects that manipulated PFG order of 
arrival in grassland ecosystems (Körner et al., 
2008; von Gillhaussen et al., 2014; Weidlich et 
al., 2017), our results did not support any 
difference in productivity between PFG order of 
arrival scenarios. The absence of PFG order of 
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arrival effects on aboveground productivity in 
our study could be due to (1) unfavorable 
conditions for the establishment of the sown 
species, and (2) a too short sowing interval for 
nutrient-poor grasslands. For this reason, the next 
POEM sub-experiments will use a one year 
sowing interval between early- and late-arriving 
species groups. 

Data from POEM2021, which is the only 
experiment so far equipped with minirhizotron 
tubes, did not support our third hypothesis. Using 
standing root length density (or root surface area) 
as a proxy, we did not find a strong effect of PFG 
order of arrival on root productivity (although 
synchronous plots tended to be more productive 
than the others). This contrasts with findings 
from previous studies manipulating PFG order of 
arrival that measured root productivity in 
containers (Körner et al., 2008) or in the topsoil 
under field conditions (Weidlich et al., 2018). 
These studies have shown that communities 
where legumes were sown first have a lower root 
productivity or lower standing root length 
density in the topsoil (Körner et al., 2008; 
Weidlich et al., 2018). This discrepancy may be 
due to methodological differences, e.g. in our 
study, root productivity was measured non-
destructively over three years up to a depth of 
~50 cm.  

In agreement with our fourth hypothesis, we 
found that PFG order of arrival had a strong 
effect on vertical root distribution at the 
community level. Indeed, we found that sowing 
legumes or forbs first led to communities rooting 
deeper than when grasses were sown first. We 
found identical results when we manipulated 
PFG order of arrival in rhizoboxes under more 
controlled conditions (Alonso-Crespo et al., 
2023). Considering that grassland species have 

different morphological and architectural 
characteristics, as well as different levels of root 
phenotypic plasticity in response to (a) biotic 
conditions (Bakker et al., 2019; Case et al., 
2020; Chen et al., 2020; Herben et al., 2018; 
Lepik et al., 2021), slight differences in 
community composition following PFG order of 
arrival manipulation could lead to different 
patterns of root distribution. Given that 
grasses tend to root more superficially than 
forbs (Bakker et al., 2021, 2019; Chen et al., 
2020), sowing grass species first may have 
increased root colonisation and interspecific 
competition in the topsoil, which could have 
made it more difficult for later-arriving forbs 
and legumes to grow in deeper soil layers, 
thus making root distribution of the entire 
community more shallow. The fact that 
data from this field experiment and another 
controlled experiment in rhizoboxes (Alonso-
Crespo et al., 2023) support a strong effect of 
PFG order of arrival on root distribution 
without affecting root productivity strongly 
suggests that previous observations that 
legumes-first communities have a lower 
standing root length density in the topsoil 
(Weidlich et al., 2018) may actually be due 
to differences in vertical root distribution, and 
not to differences in root productivity. To 
better understand the mechanisms behind plant 
order of arrival effects on root distribution 
and their ecological consequences for plant 
communities, additional work is needed to 
measure root distribution at the species level, 
for instance using molecular techniques 
based on DNA sequencing (Wagemaker 
et al., 2020). In addition, a forthcoming 
second sub-experiment with minirhizotron 
measurements will allow us to see whether and 
how our root distribution findings are affected 
by year of initiation. 
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Conclusions and outlook 

In our study, we found that sowing legumes or 
forbs before the other plant functional groups 
caused deeper rooting than in other communities, 
whereas other factors such as year of initiation or 
time since establishment had a stronger effect on 
aboveground community structure (composition 
and diversity) and functioning (aboveground 
biomass production).   This is one of the few 
studies that experimentally looked at priority and 
year effects on both aboveground and 
belowground dynamics and our findings have 
potentially important implications for grassland 
restoration. If our findings can be generalised for 
a range of different grassland types, then sowing 
legumes or forbs-first could create communities 
with deeper roots that are more species-rich. This 
in turn could lead to plant communities that are 
more resistant/resilient to extreme weather 
events (e.g. drought) and potentially could 
improve soil carbon storage at depth. In order for 
our findings to be useful for grassland 
restoration, we need to better understand the 
mechanisms that determine the effects of plant 
order of arrival on root distribution, as well as 
identify the key environmental variables that 
drive the year effects that we found.  
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2.1 Supplementary information of Chapter 1 

Figure S1. Overview of the POEM experiment. A. Experimental design. As of June 2023, the 
experiment consists of two sub-experiments set up in different years: POEM2020 (set up in 2020) 
and POEM2021 (set up in 2021). Each sub-experiment consists of 25 mixture plots (3×3 m²) and 
14 monoculture plots (3×3 m²). Each PFG order of arrival scenario is represented by 5 replicates. 
Ac, Agrostis capillaris; Ao, Anthoxanthum odoratum; Bh, Bromus hordeaceus; Dd, Dianthus 
deltoides; Fo, Festuca ovina; Jm, Jasione montana; Lp, Lathyrus pratensis; Lc, Lotus 
corniculatus; Po, Pilosella officinarum; Ps, Pimpinella saxifraga; Pa, Potentilla argentea; Sv, 
Silene vulgaris; Ta, Trifolium arvense, Tc, Trifolium campestre. B. Experimental timeline. This 
timeline includes activities carried out in POEM2020 and POEM2021 during the first three 
growing seasons. 
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Figure S2. Installation of minirhizotron tubes in POEM2021 plots. Minirhizotron tubes were 
installed at a 45° angle. A step-by-step description of the installation of minirhizotron tubes in 
POEM2021 is available in the video provided as supplementary material. Roots growing along a 
minirhizotron tube were regularly imaged at 18 equally spaced locations (in blue) along the tube. 
Using the setup shown in the figure, root images were collected between 1.4 cm depth and 49.5 
cm depth.
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Figure S3. Effects of year of initiation, sampling year and PFG order of arrival on the 
aboveground productivity of sown (A) and unsown (B) species. For each combination of year 
of initiation, PFG of arrival and sampling year, the mean value (closed dot) and 95% confidence 
interval computed using non-parametric bootstrap are shown (n=5). Open dots represent the 
observed shoot dry weight values, which are jittered horizontally to improve readability. S, 
synchronous sowing of forbs, grasses and legumes; F, forbs sown first; G, grasses sown first; L, 
legumes sown first; B free succession plots. 
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Figure S4. Effects of year of initiation, sampling year and PFG order of arrival on the 
aboveground productivity of sown forbs (A), grasses (B) and legumes (C). For each 
combination of year of initiation, PFG of arrival and sampling year, the mean value (closed dot) 
and 95% confidence interval computed using non-parametric bootstrap are shown (n=5). Open 
dots represent the observed shoot dry weight values, which are jittered horizontally to improve 
readability. S, synchronous sowing of forbs, grasses and legumes; F, forbs sown first; G, grasses 
sown first; L, legumes sown first; B free succession plots.
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Figure S5. Root productivity was weakly affected by PFG order of arrival. Panel A shows 
the evolution of maximum, mean and minimum air temperature (°C), as well as daily 
precipitation (mm), at our experimental site between April 2021 and June 2023. Panel B 
shows the temporal evolution of the average planar root surface density (pRSD) measured in 
POEM2021 plots for each PFG order of arrival scenario using minirhizotrons. Points and error 
bars indicate mean pRSD values and 95% confidence intervals (non-parametric bootstrap) 
measured at 33 time points spread over the first 800 days of POEM2021, respectively. Continuous 
lines are predictions from a generalised additive model. S, synchronous sowing of forbs, grasses 
and legumes; F, forbs sown first; G, grasses sown first; L, legumes sown first.
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Figure S6. Sowing forbs or legumes first led to deeper-rooted plant communities. The raster 
image in each panel shows predictions from a first generalised additive model of the planar root 
surface density (pRSD) as a function of time since the start of the experiment (0-800 days) and soil 
depth (1.4-49.5 cm). Results are plotted separately for each PFG order of arrival scenario. On top 
of each raster, white dots and error bars indicate the mean values and 95% confidence intervals 
(non-parametric bootstrap) of the mean rooting depth (MRD) estimated from planar root surface 
density data between days 100 and 800, respectively. Continuous lines are predicted MRD values 
from a second generalised additive model.
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Table S1. Composition of the seed mixtures used in the mixture plots of POEM2020 and 
POEM2021. For each species, the target number of individuals in a plot was calculated 
considering (1) the plot surface area (9 m²), (2) the desired plant density (1000 plants/m²), (3) the 
fact that PFGs should be equally represented in the seed mixture, and (4) the fact that species 
within each PFG should be equally represented in the seed mixture. ‘Seeds per plot’ is the total 
number of seeds needed to reach the target number of individuals of a species in a plot. ‘Seed mass 
per plot’ is the corresponding seed mass value. TSW, thousand seed weight (g); FG, functional 
group (F for forbs, G for grasses, L for legumes); GR, germination rate [0,1]. 

Species FG Target number of 
ind per plot

POEM2020 POEM2021

TSW 
(g) GR Seeds per 

plot
Seed mass per 

plot (g)
TSW 
(g) GR Seeds per 

plot
Seed mass per 

plot (g)

Lotus
corniculatus L 750 1.25 0.71 1050 1.31 1.36 0.76 987 1.34

Trifolium
arvense L 750 0.31 0.31 2386 0.74 0.43 0.51 1463 0.63

Trifolium
campestre L 750 0.49 0.31 2386 1.18 0.53 0.56 1339 0.71

Lathyrus
pratensis L 750 10.65 0.51 1458 15.54 9.40 0.68 1099 10.33

Anthoxanthum
odoratum G 750 0.51 0.40 1875 0.95 0.47 0.48 1579 0.74

Bromus
hordeaceus G 750 2.55 0.74 1010 2.57 2.70 0.52 1442 3.89

Festuca
ovina G 750 0.28 0.31 2386 0.67 0.25 0.16 4688 1.18

Agrostis
capillaris G 750 0.07 0.86 875 0.06 0.09 0.28 2727 0.25

Silene
vulgaris F 500 0.59 0.77 648 0.38 0.55 0.88 568 0.31

Dianthus
deltoides F 500 0.16 0.89 565 0.09 0.18 0.92 543 0.10

Pilosella
officinarum F 500 0.19 0.76 658 0.12 0.19 0.92 543 0.10

Jasione
montana F 500 0.02 0.74 673 0.01 0.02 0.50 1000 0.02

Potentilla
argentea F 500 0.13 0.51 972 0.12 0.07 0.24 2083 0.16

Pimpinella
saxifraga F 500 0.73 0.13 3846 2.81 0.93 0.20 2500 2.32
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Table S2. Seed mass used in the monoculture plots of POEM2020 and POEM2021. The target 
number of individuals in a plot was calculated considering (1) the plot surface area (4 m²) and (2) 
the desired plant density (1000 plants/m²). ‘Seeds per plot’ is the total number of seeds needed to 
reach the target number of individuals of a species in a plot. ‘Seed mass per plot’ is the 
corresponding seed mass value. TSW, thousand seed weight (g); FG, functional group (F for forbs, 
G for grasses, L for legumes); GR, germination rate [0,1]. 

Species FG Target number of 
ind per plot

POEM2020 POEM2021

TSW 
(g) GR Seeds per 

plot
Seed mass per 

plot (g)
TSW 
(g) GR Seeds per 

plot
Seed mass per 

plot (g)

Lotus
corniculatus L 4000 1.25 0.71 5600 6.97 1.36 0.76 5263 7.16

Trifolium
arvense L 4000 0.31 0.31 12727 3.95 0.43 0.51 7805 3.35

Trifolium
campestre L 4000 0.49 0.31 12727 6.27 0.53 0.56 7143 3.78

Lathyrus
pratensis L 4000 10.65 0.51 7778 82.87 9.40 0.68 5861 55.09

Anthoxanthum
odoratum G 4000 0.51 0.40 10000 5.08 0.47 0.48 8421 3.97

Bromus
hordeaceus G 4000 2.55 0.74 5385 13.72 2.70 0.52 7692 20.75

Festuca
ovina G 4000 0.28 0.31 12727 3.58 0.25 0.16 25000 6.29

Agrostis
capillaris G 4000 0.07 0.86 4667 0.33 0.09 0.28 14545 1.34

Silene
vulgaris F 4000 0.59 0.77 5185 3.07 0.55 0.88 4545 2.48

Dianthus
deltoides F 4000 0.16 0.89 4516 0.72 0.18 0.92 4348 0.77

Pilosella
officinarum F 4000 0.19 0.76 5263 0.98 0.19 0.92 4348 0.81

Jasione
montana F 4000 0.02 0.74 5385 0.10 0.02 0.50 8000 0.18

Potentilla
argentea F 4000 0.13 0.51 7778 0.97 0.07 0.24 16667 1.24

Pimpinella
saxifraga F 4000 0.73 0.13 30769 22.46 0.93 0.20 20000 18.60
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Table S3. Results of permutational multivariate analysis of variance (PERMANOVA) testing 
the effects of PFG order of arrival, year of initiation and sampling year on dissimilarities in 
plant species composition using species-specific biomass data. The Bray-Curtis dissimilarity 
index was used. Terms were added sequentially (first to last). Number of permutations: 1000. See 
also figure 2A. 

Df Sum of squares R² F P-value
PFG order of arrival (a) 4 3.46 0.077 7.94 0.000999
Sampling year (b) 2 17.70 0.393 81.22 0.000999
Year of initiation (c) 1 2.61 0.058 23.97 0.000999
a*b 8 2.79 0.062 3.20 0.000999
a*c 4 1.09 0.024 2.50 0.002997
b*c 2 3.11 0.069 14.27 0.000999
a*b*c 8 1.15 0.026 1.32 0.081918
Residual 120 13.07 0.291
Total 149 44.98 1.000

Table S4. Results of permutational multivariate analysis of variance (PERMANOVA) testing 
the effects of PFG order of arrival, year of initiation and sampling year on dissimilarities in 
plant species composition using presence/absence data. The Jaccard dissimilarity index was 
used. Terms were added sequentially (first to last). Number of permutations: 1000. See also figure 
2B. 

Df Sum of squares R² F P-value
PFG order of arrival (a) 4 1.75 0.097 8.23 0.000999
Sampling year (b) 2 6.76 0.373 63.50 0.000999
Year of initiation (c) 1 1.48 0.081 27.72 0.000999
a*b 8 1.03 0.057 2.42 0.000999
a*c 4 0.52 0.029 2.47 0.000999
b*c 1 1.12 0.062 21.03 0.000999
a*b*c 4 0.12 0.007 0.59 0.966034
Residual 100 5.32 0.294
Total 124 18.11 1.000
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Table S5. Results of a generalised linear mixed-effect model testing the effects of PFG order 
of arrival, year of initiation and sampling year on the effective number of species at q=0 
(species richness). Plot ID was used as a random effect in the model (variance: 0.0049). The model 
was fitted using a Gamma distribution and a log-link function. This analysis of deviance table 
(Type III Wald chi square tests) was produced using the Anova function in the car package (Fox 
and Weisberg, 2019). See also Figure 3. 

Chisq Df P-value
(Intercept) 1027.20 1 < 2.2e-16
PFG order of arrival (a) 22.53 4 0.0002
Sampling year (b) 6.91 2 0.0316
Year of initiation (c) 0.96 1 0.3262
a*b 24.52 8 0.0019
a*c 5.03 4 0.2843
b*c 3.41 2 0.1817
a*b*c 6.01 8 0.6461

Table S6. Results of a generalised linear mixed-effect model testing the effects of PFG order 
of arrival, year of initiation and sampling year on the effective number of species at q=1. Plot 
ID was used as a random effect in the model (variance: 0.0127). The model was fitted using a 
Gamma distribution and a log-link function. This analysis of deviance table (Type III Wald chi 
square tests) was produced using the Anova function in the car package (Fox and Weisberg, 2019). 
See also Figure 3. 

Chisq Df P-value
(Intercept) 111.93 1 < 2.2e-16
PFG order of arrival (a) 3.93 4 0.4149
Sampling year (b) 27.15 2 1.27e-06
Year of initiation (c) 0.11 1 0.7370
a*b 73.79 8 8.62e-13
a*c 6.59 4 0.1591
b*c 14.21 2 0.0008
a*b*c 16.97 8 0.0304
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Table S7. Results of a generalised linear mixed-effect model testing the effects of PFG order 
of arrival, year of initiation and sampling year on the effective number of species at q=2. Plot 
ID was used as a random effect in the model (variance: 0.0174). The model was fitted using a 
Gamma distribution and a log-link function. This analysis of deviance table (Type III Wald chi 
square tests) was produced using the Anova function in the car package (Fox and Weisberg, 2019). 
See also Figure 3. 

Chisq Df P-value
(Intercept) 56.18 1 6.60e-14
PFG order of arrival (a) 4.06 4 0.3979
Sampling year (b) 23.68 2 7.21e-06
Year of initiation (c) 0.83 1 0.3628
a*b 61.76 8 2.10e-10
a*c 4.81 4 0.3073
b*c 15.74 2 0.0004
a*b*c 15.33 8 0.0530

Table S8. Results of a generalised linear mixed-effect model testing the effects of PFG order 
of arrival, year of initiation and sampling year on total shoot dry weight (g/m²). Plot ID was 
used as a random effect in the model (variance: 0.0091). The model was fitted using a Gamma 
distribution and a log-link function. This analysis of deviance table (Type III Wald chi square tests) 
was produced using the Anova function in the car package (Fox and Weisberg, 2019). See also 
Figure 4. 

Chisq Df P-value
(Intercept) 1963.29 1 < 2.2e-16
PFG order of arrival (a) 1.01 4 0.9077
Sampling year (b) 3.58 2 0.1669
Year of initiation (c) 9.97 1 0.0016
a*b 24.85 8 0.0016
a*c 1.96 4 0.7433
b*c 9.04 2 0.0109
a*b*c 16.90 8 0.0312
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2.2 Supplementary photographic material of Chapter 1 

POEM2020 

MARCH 2020 
Poem field side before fence installation 

APRIL 2020 
POEM2020 plots 

27th APRIL 2020 
1st sowing of POEM2020 plots 

8th JUNE 2020 
2nd sowing of POEM2020 plots 

MAY 2020 
POEM2020 plots 

3rd JUNE 2020 
POEM2020 plots 



 

  

25th JUNE 2020 
POEM2020 plots 
 

28th JUNE 2021 
POEM2020 plots 
 

  

MAY 2022 
POEM2020 plots 
 

JUNE 2023 
POEM2020 plots 
 

  

  

 



POEM2021 
  

SEPTEMBER 2020 
Secale cerale removal for POEM2021 plots 
installation 

OCTOBER 2020 
Plot marking and minirhizotron tubes installation 

  

OCTOBER 2020 
Minirhizotron tubes installed in POEM2021 plots 

NOVEMBER 2020 
 POEM2021 cover to prevent species growing 
 

2  

APRIL 2021 
POEM2021 ground sheet removal  
 

APRIL 2021 
 Snowy POEM2021 plots  
 

 

  



13th APRIL 2021 
1st sowing of POEM2021 plots  

25th MAY 2022 
2nd sowing of POEM2021 plots  

15th JUNE 2021 
POEM2021 plots 

MAY 2022 
POEM2021 plots 

JUNE 2023 
POEM2021 plots 
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Abstract 

The order of arrival of plant species during assembly can affect the structure and functioning of grassland 
communities. These so-called priority effects have been extensively studied aboveground, but we still do 
not know how they affect the vertical distribution of roots in the soil and the rooting depth of plant 
communities. 
To test this hypothesis, we manipulated the order of arrival of three plant functional groups (forbs, grasses 
and legumes) in a rhizobox experiment. Priority effects were created by sowing one functional group 10 
days before the other two. Rhizoboxes in which all functional groups were sown simultaneously were 
used as controls. During the experiment, the total visible root length and the mean and maximum rooting 
depth of plant communities were monitored using image analysis and a new methodological approach 
using deep learning (RootPainter) for root segmentation. At harvest, we measured aboveground 
(community and species level) and belowground (community level) biomass, and assessed the vertical 
distribution of the root biomass in different soil layers. 
At the community level, all scenarios where one functional group was sown before the other two had 
similar shoot and root productivity. At the species level, two forbs (Achillea millefolium and Centaurea 
jacea) benefited from arriving early, and one legume (Trifolium pratense) had a disadvantage when it was 
sown after the grasses. Priority effect treatments also affected the vertical distribution of roots. When 
grasses were sown first, plant communities rooted more shallowly (lower mean and maximum rooting 
depth) than when forbs or legumes were sown first. In addition, roots moved down the soil profile more 
slowly in grasses-first communities. 
Our results highlight that plant functional group order of arrival in grassland com- munities can affect the 
vertical distribution of roots in the soil and this may have implications for species coexistence. 

Keywords: deep learning, plant order of arrival, priority effects, rhizoboxes, root image analysis, rooting 
depth, species coexistence 
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The order of arrival of plant species during assembly can affect the structure and func-
tioning of grassland communities. These so-called priority effects have been extensively 
studied aboveground, but we still do not know how they affect the vertical distribution 
of roots in the soil and the rooting depth of plant communities.

To test this hypothesis, we manipulated the order of arrival of three plant functional 
groups (forbs, grasses and legumes) in a rhizobox experiment. Priority effects were 
created by sowing one functional group 10 days before the other two. Rhizoboxes in 
which all functional groups were sown simultaneously were used as controls. During 
the experiment, the total visible root length and the mean and maximum rooting 
depth of plant communities were monitored using image analysis and a new method-
ological approach using deep learning (RootPainter) for root segmentation. At harvest, 
we measured aboveground (community and species level) and belowground (com-
munity level) biomass, and assessed the vertical distribution of the root biomass in 
different soil layers.

At the community level, all scenarios where one functional group was sown before 
the other two had similar shoot and root productivity. At the species level, two forbs 
(Achillea millefolium and Centaurea jacea) benefited from arriving early, and one 
legume (Trifolium pratense) had a disadvantage when it was sown after the grasses. 
Priority effect treatments also affected the vertical distribution of roots. When grasses 
were sown first, plant communities rooted more shallowly (lower mean and maximum 
rooting depth) than when forbs or legumes were sown first. In addition, roots moved 
down the soil profile more slowly in grasses-first communities.

Our results highlight that plant functional group order of arrival in grassland com-
munities can affect the vertical distribution of roots in the soil and this may have 
implications for species coexistence.

Keywords: deep learning, plant order of arrival, priority effects, rhizoboxes, root 
image analysis, rooting depth, species coexistence
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2

Introduction

The order and timing of past biotic (e.g. species immigra-
tion) and abiotic (e.g. disturbances) events during commu-
nity assembly can affect the structure and functioning of 
plant communities (Ejrnaes et al. 2006, Martin and Wilsey 
2012, Sarneel et al. 2016, Werner et al. 2016, Weidlich et al. 
2017, Delory et al. 2019b). This historical contingency may 
be caused by priority effects, in which the order of arrival 
of species determines how species interact and affect each 
other in communities (Fukami  et  al. 2010, Kardol  et  al. 
2013, Vannette and Fukami 2014, Werner and Kiers 2015, 
Temperton et al. 2016). Because of differences in species traits 
such as seed germination, phenology and growth rates, pri-
ority effects are the norm rather than the exception in plant 
communities. If priority effects are strong enough to influ-
ence species interactions, they can lead to alternative stable 
states (Sutherland 1974), alternative transient states (Fukami 
and Nakajima 2011) and compositional cycles (Steiner and 
Leibold 2004), which are all possible long-term consequences 
of priority effects (Chase 2003, Fukami 2015).

In grasslands, priority effects have been studied mainly for 
their potential as a tool for ecological restoration to manipu-
late interactions between native and non-native species or as 
a way to foster ecosystem multifunctionality (Young  et  al. 
2017, Hess et al. 2019, Weidlich et al. 2021). So far, most of 
the controlled and field experiments that have manipulated 
the sequence of arrival of species or plant functional groups 
(PFGs) have found strong aboveground priority effects on 
species diversity and aboveground productivity (Martin and 
Wilsey 2012, von Gillhaussen  et  al. 2014, Weidlich  et  al. 
2017), with implications for the resistance of plant com-
munities to invasion (Delory et al. 2019a, Hess et al. 2020, 
Yannelli  et  al. 2020). However, much less is known about 
plant order of arrival effects on the productivity and distribu-
tion of roots in different soil layers, at both the community 
and species level. Gaining such new knowledge is important 
because it would improve our understanding of plant com-
munity assembly and species coexistence, but also because it 
could be used in restoration to create deeper-rooted commu-
nities that can cope better with extreme weather events such 
as drought.

The overall productivity of roots and their distribution in 
the soil are the result of two main factors: 1) the anatomical, 
morphological and architectural characteristics of the species 
populating the community (e.g. plant size and vigour, root 
growth form, root traits, etc.), and 2) the phenotypic plasticity 
of the roots of individual species in response to environmen-
tal factors (e.g. plant neighbour identity and density, species 
richness, resource availability, soil texture, etc.) (Poorter et al. 
2015, Herben et al. 2018, Bakker et al. 2019, Case et al. 2020, 
Chen et al. 2020, Lepik et al. 2021, Weigelt et al. 2021). To 
date, much of what we know about the biotic and abiotic 
factors affecting the production and distribution of root bio-
mass in grassland soils comes from experiments that did not 
manipulate the timing and/or order of plant species arrival. 
For instance, the effect of plant species and functional group 

richness on root dynamics and distribution at the commu-
nity and species level has been a very active area of research in 
ecology (de Kroon et al. 2012). Biodiversity–ecosystem func-
tioning (BEF) experiments that manipulated plant diversity 
without manipulating plant arrival order often found that 
root biomass production increases with plant species richness 
(Mommer  et  al. 2010, Mueller  et  al. 2013, Ravenek  et  al. 
2014, Jesch et al. 2018, Oram et al. 2018, Zeng et al. 2021). 
However, the effect of plant diversity on the vertical distri-
bution of roots has not been as clear (Mommer et al. 2010, 
de Kroon et al. 2012, Luo et al. 2021). Recently, two meta-
analyses showed that increasing plant species richness does 
not seem to affect the mean rooting depth of plant commu-
nities (Barry  et  al. 2020, Peng and Chen 2021). With the 
exception of one study that reported that high diversity plots 
in a grassland field experiment had a higher proportion of 
root biomass allocated to deeper soil layers (Mueller  et  al. 
2013), there is little evidence supporting an increase in verti-
cal root niche differentiation with increased plant diversity 
in either grasslands (Mommer  et  al. 2010, Ravenek  et  al. 
2014, Oram et al. 2018) or forests (Valverde-Barrantes et al. 
2015, Luo  et  al. 2021, Zeng  et  al. 2021). However, most 
BEF experiments did not manipulate the sequence of arrival 
of species, which may have important consequences for root 
dynamics and distribution in plant communities.

If species were to arrive sequentially, and not at the same 
time, one can expect the productivity and distribution of 
roots to be affected by plant order of arrival. For instance, 
if species A arrives before species B at a site, species A will 
start taking up resources earlier and will reduce the availabil-
ity of essential soil resources for species B (niche preemption) 
(Kardol et al. 2013). In addition, species A may create soil 
legacies (niche modification) that will affect the establish-
ment of species B (Kardol  et  al. 2007, Grman and Suding 
2010, Delory et al. 2021). Both niche preemption and niche 
modification mechanisms could trigger plastic root responses 
in some later arriving species, which could affect how they 
develop and position their roots in the soil (Chen et al. 2020).

So far, both controlled and field experiments have revealed 
that manipulating the order of arrival of PFGs can affect root 
productivity in the topsoil of grasslands, with lower standing 
root biomass and root length density in the first 20 cm of soil 
when leguminous species were sown first (Körner et al. 2008, 
Weidlich  et  al. 2018a). If legumes are given a head start, 
their capacity to fix atmospheric N2 could promote N facili-
tation mechanisms (i.e. N sparing and transfer) that could 
lead later-arriving species to invest more in shoots and less in 
roots (lower root:shoot ratio), which could explain the lower 
root productivity in the topsoil when legumes are sown first. 
However, this pattern could also be explained by a change in 
the vertical distribution of roots and a greater allocation of 
root biomass in deeper soil layers.

Although some studies found no difference in rooting 
patterns between grasses and forbs (Mommer  et  al. 2010, 
Ravenek et al. 2014, Oram et al. 2018), others reported that 
grasses tend to root more superficially (Bakker  et  al. 2019, 
2021, Chen et al. 2020). If deep-rooting species (e.g. forbs and 
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legumes) arrive first at a site, they can take up resources from 
deeper soil layers and increase the amount of soil resources 
available in the topsoil for shallow-rooted species, which may 
then invest less in soil exploration (lower root:shoot ratio), 
leading to lower root productivity in the topsoil. In contrast, 
if early-arriving species have shallow roots (e.g. grasses), they 
will mainly pre-empt resources and modify the soil environ-
ment near the surface. Reduced availability of resources in 
the topsoil and/or soil legacy effects could then have a nega-
tive effect on the growth rates of later arriving species, result-
ing in a slower progression of roots in the soil profile and 
leading to a shallower root distribution. So far, it is not clear 
whether the differences in root productivity that have been 
observed by Körner et al. (2008) and Weidlich et al. (2018a) 
when the order of arrival of plants is manipulated are due to 
changes in total root productivity, or changes in the vertical 
distribution of roots, or both.

In this paper, we present the results of a controlled grass-
land experiment designed to test how PFG order of arrival 
(forbs, grasses and legumes) in mesic grasslands affects root 
productivity and the vertical distribution of roots at the early 
stages of plant community assembly. Our experiment tested 
the following hypotheses:

1) The above- and belowground productivity of plant com-
munities varies depending on whether forbs, grasses or
legumes were sown first. In particular, we expect to find
higher total shoot productivity and lower root productiv-
ity when legumes were sown first.

2) The vertical distribution of roots depends on PFG order
of arrival during assembly, with communities in which
forbs or legumes were sown first moving down the soil
profile more quickly and eventually rooting deeper than
communities in which grasses were sown first.

Material and methods

Experimental design

We conducted a rhizobox experiment at a greenhouse located 
in Lüneburg, Germany (53°14′23.8″N, 10°24′45.5″E) in 
August–September 2017. We manipulated assembly his-
tory by altering the order of arrival of three plant functional 
groups (PFGs): non N2-fixing forbs (forbs), N2-fixing forbs 
(legumes) and grasses. Each plant community consisted of 
nine species that commonly co-occur in mesic grasslands: 
three forbs (Achillea millefolium, Leucanthemum vulgare, 
Centaurea jacea), three legumes (Lotus corniculatus, Medicago 
sativa, Trifolium pratense) and three grasses (Dactylis glomer-
ata, Festuca rubra, Holcus lanatus).

In this experiment, we manipulated assembly history using 
five different PFG order of arrival scenarios: synchronous 1 
(Sync1; all PFGs were sown simultaneously at the first sow-
ing event), synchronous 2 (Sync2; all PFGs were sown simul-
taneously at the second sowing event), forbs-first (F-first; 
forbs sown before grasses and legumes), grasses-first (G-first; 

grasses sown before forbs and legumes) and legumes-first 
(L-first; legumes sown before forbs and grasses). Each PFG 
order of arrival scenario was replicated 7 times. Note that we 
set up two synchronous treatments so that the performance 
of plants that were sown at the first or second sowing event 
could be compared directly to plants that had grown for the 
same length of time. The time interval between the first and 
second sowing events was 10 days.

Experimental setup

One week before starting the experiment, 35 rhizoboxes 
(size of the soil compartment: 58 × 26.6 × 2 cm, height × 
width × thickness) were filled with a 5 mm-sieved mixture of 
sand (30%, v/v) and potting soil (70%, v/v; blend of weakly 
decomposed white sphagnum peat and clay supplemented 
with 1 kg m−3 of substrate fertilisers (14% N, 16% P2O5, 
18% K2O) and 2 kg m−3 of a slow-release fertiliser (NPK: 
20-10-15)). Each rhizobox was equipped with a transparent
front window that allowed us to non-destructively monitor
root development over time. Rhizoboxes were watered with
100 ml of tap water and randomly assigned to an experimen-
tal treatment. Four days later, all rhizoboxes again received 50
ml of tap water. Seeds of the species belonging to the early-
arriving PFG were sown one week after filling the rhizoboxes
with soil. Ten days after this first sowing event, seeds of the
species belonging to the late-arriving PFGs were added to the
rhizoboxes. In synchronous treatments, all seeds were added
on the same day (either at the first or second sowing event).
The position of the functional groups inside the rhizoboxes
was fixed (Fig. 1), but the position of each species within a
functional group was assigned randomly. In each rhizobox,
all plant individuals were equidistantly spaced (2.7 cm). A
few days after each sowing event, the seeds that did not ger-
minate were replaced by seedlings of the same species that
had been allowed to germinate in petri dishes filled with the
same soil as the one used in the rhizoboxes. The petri dishes
were stored vertically in a plastic tray next to the experiment.

In our experiment, legumes, forbs and grasses started to 
germinate on average 2.3, 3.3 and 4.3 days after planting, 
respectively. This means that the seedlings of the last sown 
PFG started growing between 8 and 12 days after the seed-
lings of the first sown PFG. Each rhizobox was watered regu-
larly with 20–50 ml of tap water. Over the entire duration of 
the experiment, each rhizobox received a total of 770 ml of 
tap water. All rhizoboxes were placed in plastic containers (5 
rhizoboxes per container) and were inclined at a 45° angle in 
order to allow the roots to grow along the transparent front 
window. In each container, the front window of the first rhi-
zobox was covered with a black plastic plate to prevent root 
exposure to light, and the back of the last rhizobox was cov-
ered with a white polystyrene plate to avoid overheating. The 
position of the rhizoboxes inside the greenhouse was regularly 
randomised during the experiment. Plants were harvested 44 
days after the first sowing event. Both the length of the sow-
ing interval (10 days) and the duration of the experiment 
were mainly limited by the size of our rhizoboxes and the fact 
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that some of our species reached the bottom of the rhizoboxes 
after nearly 30 days.

Root image acquisition

Root images were acquired three times a week (Monday, 
Wednesday, Friday) using a digital camera equipped with 
a 28 mm lens and connected to a computer (Delory  et  al. 
2018). In addition to the camera and its associated holder, 
our image acquisition system consists of a metallic frame 
holding the rhizobox vertically and two LED tubes (4300 K, 
60 cm length) positioned laterally (raking lighting) to pro-
vide uniform lighting conditions over the entire height of a 
rhizobox. The camera, the camera holder, the LED tubes and 
the frame holding the rhizobox were installed inside a closed 
box whose internal walls were entirely covered with dark fab-
ric. The camera faced each rhizobox directly and the camera 
lens was located 54 cm from the surface of the transparent 
front window. Images (3840 × 5760 pixels, width × height; 
resolution: 94.8 pixels cm−1 or ~240 dpi) were acquired using 
our camera’s remote live view and shooting option before 

being saved on a computer using both compressed (jpeg) and 
uncompressed (raw CR2) file formats.

Harvest and measurements

Forty-four days after the start of the experiment (first sowing 
event), plant shoots were harvested and stored separately for 
each species. By this time, the roots of some plant species in 
the Sync1, L-first and F-first treatments had already reached 
the bottom of the rhizoboxes. Shoot samples were dried at 
60°C until constant mass was reached, and weighed.

At harvest, rhizoboxes were opened by carefully remov-
ing the transparent front window. Using a sharp knife, the 
soil profile was divided into six 10-cm layers (0–10, 10–20, 
20–30, 30–40, 40–50, > 50 cm). For each soil layer, roots 
were extracted from the soil under running water and stored 
at −20°C until further processing. Fine root washing was 
performed in the lab by carefully removing soil particles 
adhering to the roots (Delory et al. 2018). Clean root sam-
ples were then dried at 60°C for at least 48 h, and weighed. 
For each rhizobox, total root productivity was calculated 

Figure 1. Description of the image analysis pipeline used for non-destructively estimating the total visible root length and the mean (MRD) 
and maximum (MaxRD) rooting depth of plant communities growing in rhizoboxes. Our approach included four main steps: 1) training 
a convolutional neural network (CNN) using RootPainter to detect plant roots in our images, 2) segmenting all images taken during the 
experiment with the best performing model, 3) estimating the mean and maximum rooting depth of each plant community at each time 
point using a Python procedure run in a Jupyter Notebook and 4) estimating the total visible root length in each image using RhizoVision 
Explorer. F, forb species; G, grass species; L, legume species.
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by summing the root dry weight values measured in all  
soil layers.

Image analysis

The image analysis pipeline used to analyse the root images 
taken in our experiment is shown in Fig. 1. First, root images 
were cropped in ImageJ using a custom macro to select only 
the zone of soil containing roots (Schindelin  et  al. 2012). 
These cropped images were used to create a training dataset of 
600 smaller images (height: 612–990 pixels; width: 643–872 
pixels). This training dataset was created with RootPainter 
in two steps: 1) randomly selecting 300 images from the 
665 images taken during the experiment (35 rhizoboxes × 
19 time points), and 2) randomly selecting two subregions 
of each image selected in step 1 (Smith et al. 2020). Then, 
RootPainter was used to annotate a number of training 
images and train a convolutional neural network (CNN) to 
detect roots in our images (Smith et al. 2020). Once model 
predictions successfully identified most of the roots present 
in our training images, the training was stopped and the best 
performing model was used to segment the cropped version 
of the 665 images taken during the experiment. The images 
segmented by RootPainter were then used to estimate the 
total visible root length and the mean (MRD) and maximum 
(MaxRD) rooting depth of each plant community at each 
time point. The total visible root length was estimated with 
RhizoVision Explorer ver. 2.0.3 using the batch-processing 
mode (thresholding level: 200; filter non-root objects larger 
than 2 mm2; edge smoothing threshold: 1; root pruning 
threshold: 5) (Seethepalli et al. 2021). MRD was estimated 
as the depth value above which 50% of the roots were located 
(Mommer et al. 2010, Freschet et al. 2021), while MaxRD 
was estimated as the depth of the deepest pixel row in which 
a root pixel was found. MRD and MaxRD values were esti-
mated using a custom Python procedure consisting of the 
following steps: 1) loading a segmented image and converting 
it to a binary format where a root pixel has a value of one and 
a background pixel has a value of zero, 2) applying a median 
filter (3 × 3 kernel) to remove noise and 3) calculating a value 
for MRD and MaxRD. For each image, MRD was calculated 
as the sum of the total number of root pixels in the ith pixel 
row multiplied by the depth of the ith pixel row divided by 
the total number of root pixels in that image (see equation 
shown in Fig. 1). At the last observation date (day 44), MRD 
values calculated by image analysis and MRD values calcu-
lated with root biomass data using the same approach were 
highly positively correlated (Supporting information).

In this paper, MRD and MaxRD were used as comple-
mentary measures to assess the vertical distribution of roots. 
While MRD is a relative value that informs about the depth 
above which half of the roots are located, it does not provide 
any information about the extent of root exploration with 
depth, which is provided by MaxRD. Here, we considered 
that a plant community A had a more shallow root distribu-
tion than a second community B if the MRD and MaxRD 
values measured in community A were located closer to the 

soil surface than the MRD and MaxRD values measured in 
community B.

Analysis of the vertical distribution of roots in the 
rhizoboxes

Two strategies were used to investigate the effect of PFG 
order of arrival on vertical root distribution: 1) modelling 
root biomass distribution in the soil (i.e. root dry weight as a 
function of depth), and 2) modelling the temporal evolution 
of the mean and maximum rooting depth of plant communi-
ties (i.e. rooting depth as a function of time).

Root biomass distribution in the soil was modelled using 
a zero-altered gamma model (ZAG model, also referred to as 
a hurdle model) following Zuur and Ieno (2016). This choice 
of statistical model was motivated by the fact that our dataset 
consisted of zero-inflated continuous data (Y ≥ 0) since some 
layers did not contain any roots at harvest. The relationship 
between root biomass production and soil depth was investi-
gated using a hurdle model combining a binomial generalised 
linear mixed-effect model (binomial GLMM) and a gamma 
generalised linear mixed-effect model (gamma GLMM). The 
binomial GLMM component was used to model the rela-
tionship between the presence/absence of roots (Y = 1 or 0) 
and soil depth, while the gamma GLMM part modelled the 
relationship between non-zero root biomass data (Y > 0) and 
soil depth. GLMMs were fitted using PFG order of arrival 
(5 levels), soil depth (continuous variable) and their interac-
tion as fixed effects. To account for the fact that root biomass 
values measured at different depths in the same rhizobox 
were not independent, rhizobox ID was used as a random 
effect in the models (random intercept model). The bino-
mial GLMM was fitted using a logit link function, while the 
gamma GLMM was fitted using a log link function. GLMM 
models were fitted using the MASS package in R (Venables 
and Ripley 2002).

The temporal evolution of MRD and MaxRD was mod-
elled using linear mixed-effect models. The fixed component 
of the models contained PFG order of arrival (5 levels), the 
number of days after sowing each rhizobox (continuous vari-
able) and their interaction. Considering that the mean and 
maximum rooting depth in each rhizobox was measured at 
multiple time points, the temporal evolution of MRD and 
MaxRD was modelled using a random slope and a random 
intercept for each rhizobox. The linear mixed-effect models 
were fitted using the lme4 R package (Bates et al. 2015).

Data analysis

As plant shoots were harvested separately for each species, 
shoot biomass data was analysed at both species and commu-
nity levels. Root biomass data, however, was only analysed at 
the community level (roots from different species could not 
be separated from each other). When analysing and interpret-
ing the data presented in this paper, we considered recent 
calls to stop using p-values in a dichotomous way and stop 
declarations of ‘statistical significance’ (Amrhein et al. 2019, 
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Wasserstein et al. 2019, Muff et al. 2021). To do so, we cal-
culated effect sizes (difference between treatment means) and 
computed their 95% confidence intervals by bootstrap resa-
mpling (20 000 iterations). Following Amrhein et al. (2019), 
95% confidence intervals will be referred to as compatibility 
intervals (CI) in the remainder of the paper. Since manipulat-
ing PFG order of arrival implies that seeds of different species 
were not sown at the same time in all rhizoboxes, meaningful 
comparisons had to be defined a priori so that the calculated 
effect sizes reflect plant order of arrival effects, and not dif-
ferences in plant age. This means that the productivity of a 
species in a priority effect treatment (F-first, G-first or L-first) 
was compared either to the productivity achieved by the same 
species in the Sync1 treatment (if the target species was sown 
at the first sowing event), or Sync2 treatment (if the target 
species was sown at the second sowing event). For the total 
visible root length and shoot and root productivity data mea-
sured at the community level, effect sizes were calculated by 
comparing priority effect treatments to each other, but not 
to synchronous treatments. For each response variable, the 
strength of PFG order of arrival effects was assessed using 
non-standardised absolute effect sizes and their compatibil-
ity intervals (Amrhein et al. 2019, Rillig et al. 2019). Plots 
showing all computed effect sizes and compatibility intervals 
can be found in the HTML version of our R markdown file  
on Zenodo.

Data analysis was performed in R ver. 4.0.5 (www.r-
project.org). Plots were created using the R packages 
ggplot2 (Wickham 2016), ggeffects (Lüdecke 2018), ggpubr 
(Kassambara 2020) and ggsignif (Ahlmann-Eltze and  
Patil 2021).

Results

Priority effects on shoot and root productivity

At the community level, we found that the total shoot pro-
ductivity of F-first, G-first and L-first communities did 
not markedly differ from each other (Fig. 2a). Similarly, 
we did not find any difference in total root productivity 
between F-first, G-first and L-first communities (Fig. 2b). 
We found only weak evidence that the total length of roots 
visible through the transparent front window of the rhizo-
boxes differed between F-first, G-first and L-first communi-
ties (Fig. 2c–d). At harvest, the total visible root length was 
on average 2.1 m (+20%) to 2.9 m (+30%) longer in F-first 
communities than in G-first and L-first communities, respec-
tively (Fig. 2d). As expected, the total visible root length and 
total aboveground and belowground productivity were high-
est in the Sync1 treatment, but lowest in the Sync2 treatment 
(Fig. 2a–d).

At the species level, two forb species clearly benefited 
from arriving early. Both Achillea millefolium (+87%) and 
Centaurea jacea (+67%) were more productive aboveground 
in the F-first treatment than in the Sync1 treatment (Fig. 3). 
In addition, one legume species, Trifolium pratense, suffered 

from arriving after the grasses. In the G-first scenario,  
T. pratense had a lower shoot biomass productivity than in the
Sync2 (−34%) and F-first (−24%) treatments.

In order to understand why A. millefolium and C. jacea 
performed better aboveground when forbs were sown first, 
we investigated whether the biomass of these two species 
was negatively correlated with the biomass of other species 
present in Sync1 rhizoboxes. We found that the biomass of 
A. millefolium was weakly negatively correlated to the bio-
mass of Medicago sativa (r = −0.71, p = 0.075), which was 
the most productive species in synchronous treatments. We 
did not find evidence for a negative relationship between 
the biomass of C. jacea and M. sativa (r = 0.08, p = 0.858). 
Interestingly, A. millefolium was M. sativa’s direct neighbour 
in 3 replicates out of 7 (the two lowest biomass values for 
A. millefolium were measured in these rhizoboxes), while C.
jacea was M. sativa’s direct neighbour in only one rhizobox.
The legume Lotus corniculatus was C. jacea's direct neighbour
in 6 replicates out of 7, but we only found a weak negative
correlation between the biomass of these two species in Sync1
rhizoboxes (r = −0.49, p = 0.268). The biomass of each grass 
species was poorly correlated to the biomass of A. millefolium 
and C. jacea.

Root biomass distribution in the soil

Despite the fact that we did not observe any difference in 
total root productivity between the F-first, G-first and L-first 
scenarios, we found that the vertical distribution of root bio-
mass in the soil was strongly affected by PFG order of arrival 
(Fig. 4, Supporting information). When grasses were sown 
first (G-first), a larger proportion of the root biomass was 
found at the top of the soil, and the observed decrease in 
root productivity with depth was stronger than when forbs 
or legumes were sown first (Fig. 4, Supporting information). 
In fact, we did not find any roots located deeper than 50 cm 
when grasses were sown first (Supporting information). This 
was not the case when forbs or legumes were sown first since 
roots located deeper than 50 cm were mostly present (all but 
one rhizobox) (Supporting information).

Temporal evolution of the mean and maximum 
rooting depth of plant communities

Our results showed that the temporal evolution of the mean 
(MRD) and maximum (MaxRD) rooting depth of plant 
communities was dependent on PFG order of arrival (Fig. 5). 
Roots moved down the soil profile more slowly for G-first 
communities. This is shown by a reduction of the slope of the 
G-first line in Fig. 5b. On average, MRD increased by 2.7 mm 
day−1 in synchronous (Sync1 and Sync2), F-first and L-first
communities, whereas it increased by only 2.1 mm day−1 in
G-first communities, which represents a 23% decrease in
progression rate (Fig. 5a–b). We observed an even stronger
effect of PFG order of arrival on the maximum rooting depth
(Fig. 5c–d). On average, MaxRD increased by 1.8 cm day−1

in Sync1 and L-first communities, whereas it increased by
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only 1.5 cm day−1 in F-first communities (−15%), 1.2 cm 
day−1 in Sync2 communities (−33%) and 0.95 cm day−1 in 
G-first communities (−48%) (see slope changes in Fig. 5d).

At the last observation date (day 44), the mean rooting
depth measured in Sync1, F-first and L-first communities 
was located between 3.1 and 4.6 cm deeper than G-first com-
munities (Fig. 5a–b). At day 28 (i.e. before the roots of some 
species reached the bottom of the rhizoboxes), the maximum 
rooting depth measured in G-first and Sync2 communities 
was located between 16.0 and 25.6 cm above the maxi-
mum rooting depth measured in Sync1, F-first and L-first 
communities.

Discussion

We found no difference in total shoot and root biomass 
production between communities in which grasses, forbs or 
legumes were sown first. Nevertheless, our results showed 
that sowing grasses before forbs and legumes led to more 
shallow-rooted communities, supporting the fact that assem-
bly history can modulate the vertical distribution of roots in 
grassland ecosystems. This result was apparent for two rea-
sons. Firstly, we found that grasses-first communities had a 
greater proportion of their root biomass near the soil sur-
face. Second, we found that roots moved more slowly down 

Figure 2. Effect of PFG order of arrival on the total shoot productivity (a), total root productivity (b) and total visible root length (c–d) of 
plant communities. For each treatment, mean values (solid dots) and compatibility intervals (solid bars in panels a, b and d; shaded areas 
in panel c) computed using non-parametric bootstrap are shown (n = 5–7). Individual observations are displayed as open dots. An asterisk 
(*) indicates that our data were weakly compatible with an effect size of zero, which supports the existence of a small difference in productiv-
ity or total visible root length between groups. Comparisons for which our data were compatible with an effect size of zero (i.e. no difference 
in productivity or total visible root length) are represented by dashed black lines. Effect sizes and compatibility intervals can be found in the 
HTML version of our R markdown file on Zenodo (Alonso-Crespo et al. 2021). Sync1, all PFGs sown at the same time at the first sowing 
event; F-first, forbs sown 10 days before grasses and legumes; G-first, grasses sown 10 days before forbs and legumes; L-first, legumes sown 
10 days before forbs and grasses; Sync2, all PFGs sown at the same time at the second sowing event.
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8

the soil profile in communities where grasses were sown first, 
leading these communities to have lower mean and maxi-
mum rooting depths at harvest.

At the community level, shoot and root productivity were 
similar if forbs, grasses or legumes were sown first. This result 
contradicts our first hypothesis that L-first communities have 
higher shoot productivity and lower root productivity. These 

results can appear surprising because they contradict find-
ings from other controlled experiments that manipulated 
PFG order of arrival and found that grassland plant com-
munities in which legumes were sown a few weeks before 
grasses and forbs were amongst the most productive aboveg-
round (Körner  et  al. 2008, von Gillhaussen  et  al. 2014, 
Weidlich et al. 2017), but the least productive belowground 

Figure 3. Effect of PFG order of arrival on the shoot productivity of individual species. For each treatment, mean values (solid dots) and 
compatibility intervals (solid bars) computed using non-parametric bootstrap are shown (n = 5–7). Individual species observations are 
displayed as open dots. In all panels, meaningful comparisons are shown with solid and dashed black lines. An asterisk (*) indicates that our 
data were not compatible with an effect size of zero, which supports the existence of a difference in total shoot productivity between groups. 
Comparisons for which our data were compatible with an effect size of zero (i.e. no difference in total shoot productivity) are represented 
by dashed black lines. Effect sizes and compatibility intervals can be found in the HTML version of our R markdown file on Zenodo 
(Alonso-Crespo et al. 2021). Sync1, all PFGs sown at the same time at the first sowing event; F-first, forbs sown 10 days before grasses and 
legumes; G-first, grasses sown 10 days before forbs and legumes; L-first, legumes sown 10 days before forbs and grasses; Sync2, all PFGs 
sown at the same time at the second sowing event.
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(Körner et al. 2008, Weidlich et al. 2018a). We suggest that 
differences in experimental conditions (species composition, 
sowing interval, plants grown in rhizoboxes, etc.) as well as 
the fact that our experiment focused on the early stages of 
plant community assembly are likely to be among the main 
factors explaining why our study yielded unusual results 
regarding how PFG order of arrival affected the productivity 
of plant communities. As our experiment focused on early 
shoot and root development, we cannot exclude the fact that 
differences in shoot and/or root productivity might have 
been more apparent if our experiment had lasted longer. In 
addition, the use of a larger species pool and the inclusion of 
species with stronger competitive abilities could also lead to 
stronger arrival order effects.

Our results suggested that weaker competition for space 
and resources with legumes (mainly M. sativa), especially 
aboveground, may be an important mechanism explaining 
the better performance of forbs (mainly A. millefolium) when 
they were sown first. Another possible explanation for the 
fact that C. jacea and A. millefolium benefited from an early 
arrival (while L. vulgare did not) could be related to their 

different rooting strategies and competitive ability. In a pair-
wise competition experiment, Ravenek  et  al. (2016) found 
that L. vulgare was a superior competitor than C. jacea, which 
could help explain why L. vulgare had a similar productiv-
ity when it arrived earlier or at the same time as grasses and 
legumes. Furthermore, in comparison with C. jacea and A. 
millefolium, L. vulgare seems to have another rooting strategy 
that aims to explore the topsoil more efficiently by producing 
longer and finer roots (higher SRL) and invest less biomass 
in deeper soil layers (lower deep root fraction) (Bakker et al. 
2019). In a common garden experiment, Bakker et al. (2021) 
also found that deep-rooting species, such as C. jacea, ben-
efited from growing next to heterospecific neighbours with 
shallow roots, while the performance of shallow-rooted spe-
cies, such as L. vulgare, was not related to the deep root frac-
tion of their neighbours. Considering that C. jacea and A. 
millefolium grew better when they were sown first, our results 
suggest that root traits such as deep root fraction may be 
important in mediating the susceptibility of plant species to 
plant order of arrival, with deep-rooting species benefiting 
more from arriving early than shallow-rooting species. In 
support of this hypothesis, previous studies have shown that 
the competitive superiority of grassland species was positively 
correlated with traits related to plant size and soil exploration, 
such as rooting depth, relative growth rate and root length 
density (Kraft et al. 2015, Ravenek et al. 2016). Because of 
their capacity to efficiently explore the topsoil and quickly 
access and take up essential resources, shallow-rooting species 
with a high SRL can have a competitive advantage over spe-
cies with a lower SRL near the soil surface. If this is true, we 
would expect that deep-rooting species with a low SRL arriv-
ing a few days earlier than other species in the community 
would benefit from this situation, as they will suffer less from 
interspecific competition with their neighbours, access more 
resources, have higher growth rates and, ultimately, higher 
productivity than if they arrive at the same time as the other 
species. Whether or not root traits play a role in determin-
ing the susceptibility of plant species to plant order of arrival 
deserves further investigation.

Our results showed that manipulating PFG order of arrival 
had a strong effect on the vertical distribution of roots in the 
soil. We found that communities in which forbs or legumes 
were sown first rooted deeper (greater MRD and MaxRD) 
than communities in which grasses arrived a few days before 
the other PFGs, thus confirming our second hypothesis. If 
the shallower vertical root distribution in grasses-first com-
munities led to an increase in interspecific competition for 
resources in the topsoil, it may be a possible explanation for the 
lower shoot productivity of T. pratense when it was sown after 
the grasses. Although strong differences in vertical root distri-
bution exist between individual plant species (Herben et al. 
2018, Lepik et al. 2021), evidence for differences in root dis-
tribution and competitive ability between plant functional 
groups in grassland ecosystems has been mixed, with some 
studies reporting no difference in rooting depth and competi-
tive ability between functional groups (Mommer et al. 2010, 
Ravenek et al. 2014, 2016, Oram et al. 2018), while others 

Figure 4. Vertical root biomass distribution in the soil is affected by 
PFG order of arrival. Lines represent ZAG model fits for each PFG 
order of arrival scenario (i.e. predictions obtained after merging the 
gamma and binomial components of the ZAG model). Predictions 
of the gamma and binomial components of the ZAG (or hurdle) 
model are shown in the Supporting information. Root biomass pro-
duction values are shown for each soil layer (n = 5–7). Individual 
observations are displayed as open dots. Sync1, all PFGs sown at the 
same time at the first sowing event; F-first, forbs sown 10 days 
before grasses and legumes; G-first, grasses sown 10 days before 
forbs and legumes; L-first, legumes sown 10 days before forbs and 
grasses; Sync2, all PFGs sown at the same time at the second  
sowing event.
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have indicated that grasses have a lower deep root fraction and 
root more superficially than forbs (Bakker et al. 2019, 2021, 
Chen et al. 2020). Since our plant communities had exactly 
the same species and functional group composition and only 
differed by the order of arrival of forbs, grasses and legumes, 
differences in rooting depth between species or functional 
groups is unlikely to be the only explanation behind our 
results. Instead, plastic root responses to plant order of arrival 
are more likely to explain why grasses-first communities 
rooted more shallowly than the others did. Such plastic root 
responses affecting root allocation and foraging have been 
well documented in the past (Mahall and Callaway 1991, 
Semchenko et al. 2007, Mommer et al. 2012, Kumar et al. 
2020, Lepik  et  al. 2021) but, to date, there has been little 
evidence that the order of arrival of plants can affect the root 

distribution of individual species (Weidlich  et  al. 2018b). 
These results highlight the need for more research on how 
plant order of arrival modulates root foraging and distribu-
tion at the functional group and species level, which is a par-
ticularly challenging endeavour.

Studying the extent to which the behaviour of the roots of 
species inhabiting plant communities changes as a function 
of the order of arrival of plants, as well as studying how these 
plastic root responses would be reflected at the community 
level, requires information on the distribution of roots at the 
species level, which unfortunately was not available in our 
study. Given the above, as well the inherent limitations of 
any rhizobox experiment, we see two main avenues for future 
research aimed at better understanding the roles played by 
priority effects in root dynamics and their consequences for 

Figure 5. The temporal evolution of rooting depth is affected by PFG order of arrival. (a) Temporal evolution of the mean rooting depth 
(MRD) of plant communities for each PFG order of arrival scenario; (b) linear mixed-effect model fits describing the temporal evolution 
of MRD for each plant community type; (c) temporal evolution of the maximum rooting depth (MaxRD) of plant communities for each 
PFG order of arrival scenario; (d) linear mixed-effect model fits describing the temporal evolution of MaxRD for each plant community 
type. In (a) and (c), average MRD and MaxRD values are represented at each time point as solid dots (n = 5–7), while compatibility inter-
vals computed using non-parametric bootstrap are shown as shaded areas. The dotted vertical line in (a) and (c) marks the day of the second 
sowing event (10 days after the start of the experiment). Sync1, all PFGs sown at the same time at the first sowing event; F-first, forbs sown 
10 days before grasses and legumes; G-first, grasses sown 10 days before forbs and legumes; L-first, legumes sown 10 days before forbs and 
grasses; Sync2, all PFGs sown at the same time at the second sowing event.
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species coexistence: 1) non-destructively monitoring root 
development at different soil depths in the field using minirhi-
zotrons (Rewald and Ephrath 2013, Freschet  et  al. 2021), 
and 2) quantifying species relative abundance in root samples 
taken from plant communities at different soil depths using 
state-of-the-art molecular techniques (Wagemaker  et  al. 
2021). Going underground will provide us with a unique 
opportunity to improve our mechanistic understanding of 
priority effects in plant communities and their implications 
for species coexistence.

Conclusions

Using root biomass distribution data and deep learning-
based image analysis, we provided evidence that assembly 
history, and more particularly plant order of arrival during 
assembly, can modulate the vertical distribution of roots in 
a controlled grassland experiment. When grasses were sown 
before forbs and legumes, plant communities had the shal-
lowest root distribution. This result was explained by the 
fact that 1) a greater proportion of root biomass was present 
at the top of the soil, and 2) roots progressed more slowly 
through the soil in communities in which grasses were 
sown first. Further research is needed to better understand 
how priority effects alter root dynamics at the community 
and species level, and how this may affect species coexis-
tence. Field experiments that use a larger sowing interval 
between plant functional groups would be ideal for such an 
endeavour.
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3.1 Supplementary information of Chapter 2 

Supplementary Fig. 1. Relationship between mean rooting depth (MRD) values computed using root biomass and 
MRD values computed using image analysis (r=0.86, P < 0.001) at harvest (day 44). Individual observations are 
displayed as solid dots (n=5-7). Sync1, all PFGs sown at the same time at the first sowing event; F-first, forbs sown 
10 days before grasses and legumes; G-first, grasses sown 10 days before forbs and legumes; L-first, legumes sown 
10 days before forbs and grasses; Sync2, all PFGs sown at the same time at the second sowing event. 
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Supplementary Fig. 2. Predictions of the gamma (a) and binomial (b) components of the zero-altered gamma 
model (ZAG model, also referred to as hurdle model) describing how plant functional group order of arrival 
affected the vertical distribution of the root biomass in our rhizoboxes (n=5-7). ZAG predictions (i.e., predictions 
obtained after merging the gamma and binomial components of the model) are shown  in Figure 4 of the article. 
Individual observations are displayed as open dots that have been jittered vertically (panels a and b) and 
horizontally (panel b) to improve readability. Sync1, all PFGs sown at the same time at the first sowing event; 
F-first, forbs sown 10 days before grasses and legumes; G-first, grasses sown 10 days before forbs and legumes; L-
first, legumes sown 10 days before forbs and grasses; Sync2, all PFGs sown at the same time at the second sowing 
event. 
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Supplementary Fig. 3. Root biomass distribution in different soil layers. For each treatment, mean values (solid 
dots) and compatibility intervals (solid bars) computed using non-parametric bootstrap are shown (n=5-7). 
Individual belowground observations are displayed as open dots. Sync1, all PFGs sown at the same time at the 
first sowing event; F-first, forbs sown 10 days before grasses and legumes; G-first, grasses sown 10 days before 
forbs and legumes; L-first, legumes sown 10 days before forbs and grasses; Sync2, all PFGs sown at the same time 
at the second sowing event. 
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3.2 Supplementary photographic material of Chapter 2 

SEPTEMBER 2017 
Rhizoboxes in the greenhouse. 

SEPTEMBER 2020 
Root growth in a rhizobox. 

MAY 2020 
Root cleaning

MAY 2020 
Roots before and after being cleaned. 
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Article in preparation for submission 

Inés M. Alonso-Crespo, Vicky M. Temperton, Andreas Fichtner, Michael Schloter, Silvia Gschwendtner 
and Benjamin M. Delory 

Abstract 

The order and timing of species immigration have an impact on species coexistence through priority 
effects driven by two main mechanisms: niche preemption and niche modification. Niche preemption 
restricts essential resources for later arrivals, whereas niche modification alters available niches through 
soil microbial and chemical legacies. The relative contributions of niche preemption and modification to 
the creation of priority effects have not yet been clearly measured. 
In a plant–soil feedback experiment using soils from a POEM field experiment, we assessed the 
contributions of soil niche preemption and soil niche modification in generating priority effects in dry 
acidic grasslands above and below ground.  
The results showed that soil niche preemption had the strongest effect at plant functional group (PFG) 
level when acting in combination with soil niche modification. Together, these mechanisms decreased 
plant productivity across all PFG. Moreover, soil niche modification alone did not produce significant 
effects in PFG above- or belowground productivity. However, at the species level, simultaneous 
occurrence of soil niche modification and soil niche preemption had a negative impact on the majority of 
the species affected, with forbs legacy being the most detrimental, especially for legumes. Additionally, 
soil niche modification alone increased belowground productivity of Agrostis capillaris and Bromus 
hordeaceus. 
These findings indicate that the combination of resource uptake (soil niche preemption) and changes in 
soil microbial communities (soil niche modification) by early arriving species creates priority effects on 
plant productivity in dry grasslands. 

Keywords: grasslands, nutrient depletion, microbial legacies, plant order of arrival, productivity, soil 
niche pre-emption, soil niche modification, species coexistence 
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Introduction 
Priority effects occur when the order and timing of 
species immigration affect the coexistence of species 
due to early arrival species changing the environment 
and making it less or more suitable for later arriving 
species (Fukami, 2015). Priority effects can lead to 
changes in plant-plant interactions and hence affect 
both ecosystem functioning and community 
composition and diversity (Weidlich et al., 2018; 
Werner et al., 2020). The role of such legacy effects 
of order of arrival can also create alternative states in 
vegetation, and the importance of such historical 
contingencies in natural communities has recently 
begun to become more recognized (Grman & Suding, 
2010). Fukami (2015), proposed two main classes of 
mechanisms behind priority effects: niche preemption 
and niche modification. Niche preemption occurs 
when early arriving species use available resources, 
such as nutrients, light, or space, reducing them for 
the later arriving species. Niche modification occurs 
when early arriving species change the types of niches 
available for later-arriving species, such as changing 
soil microbial communities or soil chemicals 
(including root exudates). Plant species condition the 
soil where they are established, changing biotic and 
abiotic environmental conditions that can influence 
the performance of other plants of the same or 
different species. This is commonly known as plant-
soil feedback (PSF) (Bever et al., 1997; De Long et 
al., 2023; Ehrenfeld et al., 2005; Kulmatiski & 
Kardol, 2008; Kardol et al., 2015; van der Putten et 
al., 2013). Priority effect mechanisms can be included 
as plant-soil feedback processes because early 
arriving species preempt and condition the soil, and 
can thus  affect the response of the development of 
later arriving species (De Long et al. 2023). Plant-soil 
feedback is driven by intrinsic or extrinsic, biotic and 
abiotic factors. (De Long et al. 2023). 

Nutrient depletion always occurs in the soil when a 
species arrives first, throughout the niche preemption 
mechanism. Nutrient acquisition is an important 
process in plant development. Nutrient-rich 
environments can encourage plant species to develop 
more roots, and this can be modulated by species 

competition (Mommer et al. 2010, 2011, 2012). 
Macro-and micronutrients are essential for the correct 
development of plants. The presence of some 
micronutrients is related to the increased availability 
of macronutrients in the soil (Wang et al. 2022). In 
the absence or deficiency of these elements, plants 
can have a negative effect on their growth or 
performance (negative plant-soil feedback). Negative 
plant-soil feedback created by nutrient depletion is 
well known in the agricultural field as it causes a 
detrimental response in plant development. Cesarano 
et al. (2017) reviewed plant-soil feedback studies in 
agro- and natural ecosystems and found evidence of 
negative plant-soil feedbacks in both, proposing 
nutrient depletion as the primary causal factor of this 
negative response.  

Niche modification can create alternative stages of 
the community influencing community structure and 
functioning merely by changing the different species 
that can be established under the new niche conditions 
(Fukami & Nakajima, 2011; Dickie et al. 2012).  
Plants can modify soil conditions simply by being 
present. They interact with the environment, inducing 
changes that remain even when the originator plant is 
no longer present (Kulmatiski and Kardol 2008; van 
der Putten et al. 2013). Different plant communities 
generate different microbes (Heinen et al. 2020) and 
chemical legacies (Delory et al., 2021) that induce 
changes in the composition of subsequent plant 
communities. Root exudates and rhizosphere 
microbial communities are important drivers of 
temporal changes in the strength of the plant-soil 
feedback effects (Steinauer et al. 2023). These 
changes in microbial legacies usually occur when a 
species arrives first. The legacy of the soil 
microbiome is important for plant establishment. 
They also affect the growth and development of 
plants. Moreover, these legacies may still have an 
effect on plant-soil interactions by changing the 
composition of the endophytic community during the 
early stages of plant growth (Hannula et al. 2021). 
The impact of the microbial legacies of different 
species on other species has been studied, showing 
that, on average, all plant functional groups perform 
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better when they grow in soil with microbial legacies 
from other species, which could indicate that 
pathogens are more plant-specific than plant growth-
promoting biota.(Cortois et al. 2016). 

Prior studies testing priority effects mechanisms have 
shown that niche preemption is more likely to be the 
major driver of priority effects when species arriving 
early and late have a great niche overlap or 
phylogenetic relationship (Tan et al. 2012; Vannette 
and Fukami 2014; Mwangi et al., 2007; Fargione, et 
al., 2003). Niche preemption is inhibitory and affects 
species within the niche (Fukami, 2015). In contrast, 
niche modification can be inhibitory or facilitative 
and can affect species across niches (Fukami, 2015). 
However, the contribution of each mechanism in 
creating priority effects is uncertain. 

Through a plant-soil feedback experiment, we 
evaluated the extent to which soil niche preemption 
or modification drives the creation of priority effects 
above and belowground in a dry acidic grassland 
system. To test only the effects of soil niche 
preemption and soil niche modification, and not 
considering the effect of species competition for 
space or light, we isolated the two processes using 
solely the soil. We identified soil niche preemption 
with nutrient depletion on the substrate. For soil niche 
modification, we considered the changes in microbial 
communities that are commonly linked to the identity 
of the plant growing in the soil. The microbiome 
undergoes changes that are specific to the plants 
present in the community. We used a plant functional 
group (PFG) approach. The PFG consisted of species 
that shared common traits. Species with similar traits 
are expected to use the niche in a similar way. Using 
this approach, we aimed to increase the predictive 
power of the experiment. We conducted a plant-soil 
feedback experiment in two phases. The first phase 
was the conditioning phase, and we grew different 
plant community types for several weeks to alter the 
(a)biotic properties of the soil. The second phase was
the feedback phase, designed as a response phase to
test the following question:

 The relative contributions of soil niche
preemption and soil modification to the
creation of priority effects will depend on the
PFG order of arrival. Specifically, we
hypothesized that soil niche preemption will
dominate when early- and late-arriving
species belong to the same PFG. Soil niche
modification, however, will dominate when
early and late-arriving species belong to
different PFG.

Material and Methods 

To determine the extent to which the mechanisms of 
soil niche preemption and soil niche modification 
contribute to the creation of priority effects, we 
designed a plant–soil feedback experiment. 

Soil collection and sterilization 
The soil for all phases of the experiment was collected 
from the POEM experimental field site (see. Alonso-
Crespo et al. submitted). The characteristics of the 
soil were typical of a dry acidic grassland (pH 
(CaCl2) 4.9; organic matter content: 2.3%; total N: 
0.07%; total C: 0.98%; C/N: 12.1). The soil was 
collected and brought to the Leuphana University 
Greenhouse in Lüneburg, Germany (53° 14′ 23.8′′ N 
10° 24′ 45.5′′ E), and sieved at 5 mm to avoid large 
stones and dead roots.  
The PSF experiment started in 2021 with a pre-
experiment to test the nutrient flush effect in our soil 
(nutrient flush pre-experiment), but the main 
experiment, conditioning phase, and feedback phase 
were conducted in 2023. In all phases of the 
experiment, the soil was exposed to a minimum dose 
of 30 kGy of gamma radiation. 

Species selection and sowing. 
The selected plant species belonged to the dry acidic 
grassland species pool and were selected for their 
functional and morphological traits. We grouped 
them in three plant functional groups (PFG) and 
selected four species were selected per PFG: Grasses, 
species belonging to the Poaceae family, Agrostis 
capillaris (L.), Anthoxanthum odoratum (L.), Bromus 
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hordeaceus (L.) and Festuca ovina (L.), Legumes, 
species members of Fabaceae family with the ability 
to fix atmospheric N2, Lathyrus pratensis (L.), Lotus 
corniculatus (L.), Trifolium arvense (L.) and 
Trifolium campestre (Schreb.), and Forbs, containing 
the species that do not belong to the grasses or 
legumes groups, Dianthus deltoides (L.), Pilosella 
officinarum (L.), Potentilla argentea (L.) and Silene 
vulgaris [(Moench.) Garcke]. Seeds were obtained 
from Rieger-Hofmann GmbH (Blaufelden-
Raboldshausen, Germany). Seeds for all phases of the 
experiment were sterilized following (Lindsey et al. 
2017). For sowing, only one viable seed per species 
was left in each pot. Excedentary seedlings were 
removed to avoid confounding effects. Unsown 
species were weeded from pots during the entire 
experiment. 

Nutrient flush pre-experiment 
During soil sterilization, the availability of nutrients 
in the soil increases because of dead microorganisms 
and the release of nutrients. In order to test the effects 
of the nutrient flush of the sterilized soil in the 
development of the plants of our study, in January of 
2021, a pre-experiment was conducted in a growth 
chamber at the Leuphana University of Lüneburg, 
Germany (53° 13’ 41.9′′ N, 10° 24’ 11.0′′ E). The soil 
was sent to BGS - Beta-Gamma-Service GmbH & 
Co. (Cologne, Germany) for gamma radiation. Two 
treatments were created: one with unsterilized live 
soil (U) (100%) and the second with a mixture of 
sterilized soil (S1) (90%) inoculated with unsterilized 
live soil (U) (10%). This second mixture of soil had a 
nutrient flush effect owing to sterilization. 32 pots (2 
L) were filled with 1.300 kg of soil per treatment. To
sow the pots, we created four combinations of three
species belonging to the same PFG (forbs, grasses, or
legumes), and each combination was replicated twice.
Eight different mixtures composed by one legume,
one grass, and one forb species were created. The
experiment was running for 38 days and 1360 ml of
water were added per pot during the experiment. The
pots were randomly placed in trays, and their
locations were randomized once per week during the
entire experiment. The growth chamber was

programmed with 24 h light owing to a programming 
error when setting up the environmental parameters 
of the growth chamber at the beginning of the 
experiment. The average temperature was 23.5 °C. 
At the end of the experiment, plants were harvested at 
the species level. Roots were washed and collected at 
the community level. All materials were dried for 48h 
at 60 °C in a drying oven, and biomass information 
was obtained. 

Plant-soil feedback experiment 
Conditioning phase 
In May 2022, the first batch of sieved (5 mm) soil was 
sent to Gammaton (Guanzate, Italy) for sterilization 
by gamma radiation. 
The conditioning phase of the experiment was carried 
out under greenhouse conditions in Lüneburg, 
Germany (53° 14′ 23.8′′ N, 10° 24′ 45.5′′ E) from 18 
of June 2022 to 13 of September 2022, with an 
average temperature of 20 °C. Sterilized soil (S) 
(90%) was inoculated with unsterilized live soil (U) 
(10%) to create a homogeneous soil mixture. A total 
of 384 pots (2 L) were filled with 2 kg of the soil 
mixture. During this phase, we created four soil 
legacies by manipulating the composition of the 
forbs, grasses, and legumes. The plant communities 
consisted of either three forb species (forb legacy), 
three grass species (grasses legacy), three legume 
species (legume legacy), or one species of each plant 
functional group (mix legacy) (Figure 1). Each plant 
community type was represented by four different 
species compositions, and pots were randomly placed 
over individual trays to avoid microbial 
contamination through water leaching on wheel-
tables, which allowed their weekly randomization. 
The conditioning phase was conducted for eight 
weeks, and each pot received 1850 mL of water 
during the experiment. At the end of the conditioning 
phase, the plants were harvested at the species level. 
Before washing the roots, the soil was extracted to 
create the feedback-phase soil treatments. The soil 
was individually processed pot by pot. It was sieved 
to avoid the presence of root fragments from the 
plants growing in the conditioning phase in the soil of 
the feedback phase treatments. Roots from the plants 
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growing in the conditioning phase were stored in bags 
at 4°C until they were washed. Root cleaning was 
performed for four weeks and were processed at the 
community level. Root and shoot samples were dried 
for 48h at 60 °C in a drying oven and weighed on an 
analytical scale. Pots in the conditioning phase were 
paired with the feedback phase pots; therefore, we 
had information about the soil legacy and the exact 
species composition that created it.  

Feedback phase 
In August 2022, a second batch of soil was sent to 
STERIS Synergy Health Radeberg GmbH (Radeberg, 
Germany) for sterilization by gamma radiation. To set 
up the feedback phase, we used soil conditioned 
during the conditioning phase (C), sterilized soil (S), 
and unsterilized live soil (U) to create three different 
soil treatments. The first soil treatment consisted in 

sterilized soil (S) (90%) inoculated with unsterilized 
live soil (10%), as the soil mixture used at the 
beginning of the conditioning phase. This established 
our control, where no soil preemption or soil 
modification occurred in the soil. The second soil 
treatment consisted of soil collected from the 
conditioning soil (C) (100%), in which we had soil 
niche preemption because of nutrient depletion, and 
soil niche modification because of microbial legacies. 
The third soil treatment was created by mixing 
sterilized soil (S) (90%) with an inoculum of 
conditioned live soil (10%) (C) from the soil obtained 
in the conditioning phase. This soil treatment 
corresponded with a no-soil niche preemption 
situation with soil niche modification because we 
added a microbial inoculum from the microbial soil 
legacies created in the conditioning phase to a 

Figure 1. Experimental design of the conditioning and feedback phases. 
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sterilize soil (Figure 1). The feedback phase had 432 
pots (1 L), and each pot had 1.200 kg of soil mixture. 
Pots were randomly placed over individual trays in 
wheel tables, which allowed weekly randomization. 
Only one individual per plant species was grown per 
pot and each species had four replicates per soil 
treatment. This phase was conducted for seven weeks 
as of 19th of September, with an average temperature 
of 16 °C. Each pot received 810 mL water during the 
experiment. Plants were harvested, and pots 
containing the soil and roots were stored at 4 °C until 
they were washed. Root cleaning was carried out for 
three and a half weeks. The shoot and root samples 
were dried for 48 h at 60 °C in a drying oven and 
weighed on an analytical scale. 

Statistical analysis 

In order to test the effect of the legacy (i.e., the soil 
history) and the treatment (i.e., soil type during the 
feedback phase) over plant functional group 
productivity we used a generalised linear-mixed-
effect model (GLMER). The fixed effect considered 
was an aggregate variable Legacy_Treatment, with 
information from the soil history (grasses legacy, 
forbs legacy, legumes legacy and mix legacy) and the 
soil treatment (No: control – no soil niche preemption 
and no soil niche modification, NP+NM - soil niche 
preemption+soil niche modification - and NM - soil 
niche modification). Two random effects were 
considered, the identity of the species sown in the 
feedback phase and the species identity that 
conformed the legacies. The response variables were 
shoot dry mass or root dry mass (g) of the PFG. The 
model was fitted using a gamma distribution with a 
log-link function and a bobyqa optimizer using the 
lm4 R package (Bates et al., 2015). To address the 
effect of the legacy and the treatment over individual 
plant species productivity we used a generalised 
linear model (GLM). The predictor variable 
considered was also the aggregate variable 
Legacy_Treatment used for the GLMER, with the 
same levels. The response variable was shoot dry 
mass (g) or root dry mass (g) of the species. The 
model was fitted using a gamma distribution with a 

log-link function with the MASS R package (Ripley et 
al. 2013). After GLMER and GLM linear models 
were fitted, an analysis of variance (ANOVA) was 
performed on both for assessing the significance of 
different predictor variables using the function 
ANOVA from the R package car (Fox J, Weisberg S, 
2019). Post-hoc tests were conducted using emmeans 
R package (Lenth, 2023).  
F.ovina seeds were contaminanted with seeds of Poa
trivialis (L.). We decided to keep all the pots were
they were growing for the PFG analysis because both
were grasses, but we excluded them from the species
analysis.
The strength of the biological effects was quantified
using relative effect sizes (%). The control situation
(no soil preemption and no soil niche modification)
was used as a reference for calculating the relative
effect sizes.
Data analysis were performed in R version 4.3.0 (R
Core Team, 2023). Additionally, these R packages
were used as well for data exploration, visualization,
and analysis: R packages included in tidyverse
(Wickham et al., 2019), ggpubr (Kassambara, 2023),
ggplot2 (Wickham 2016) and viridis (Garnier et al.,
2021).

Results 

Nutrient flush 
The increase in nutrient availability during the soil 
sterilization process was found to affect the shoot 
productivity of all PFG. Shoot productivity was 
higher for all PFG when grown in sterilized soil (with 
a nutrient flush effect) than in unsterilized live soil. 
Root productivity in grasses seems to be more 
affected by soil sterilisation than the other PFG 
(Figure S1). 

Conditioning phase 
At the end of the conditioning phase, the productivity 
of all the plant communities that created the four soil 
histories was measured. The total, shoot, and root 
biomass were lower when the community was formed 
by legume species (Figure 2). 
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Feedback phase 
Soil niche modification and soil niche preemption 
created priority effects when acted together. Soil 
niche modification alone (microbial legacies) did not 
affect total, shoot, or root biomass. Shoot biomass of 
all PFGs was reduced when they grew on soils 
conditioned by a mixture of PFG, grasses, or forbs. 
Legumes shoot biomass was also reduced in soil 
conditioned by legumes. (Figure 3, Figure S2, and 
Table 1). In the case of root dry weight, legumes and 
forbs reduced their biomass when grew in soil 
conditioned by a mixture of PFG and by forbs. Forbs 
root biomass was also reduced in soil conditioned by 
grasses (Figure 3, Figure S3, and Table 1). The root 
mass fraction was higher for grasses growing in soil 
conditioned by grasses (Figure S4). 

At the species level, soil niche modification did not 
significantly affect shoot development (Figure S5 and 
Table 1). In contrast, it affected the root productivity 

of two grass species (Figure. S6 and Table 1). 
Agrostis capillaris benefited significantly by growing 
in soil inoculated with microbial legacies of forbs 
(+171), grasses (+143%) and legumes (+150%) and 
Bromus hordeaceus by growing in soil inoculated 
with microbial legacies of forbs (+210%) and 
legumes (+153%). Similar to the PFG level, at the 
species level, soil niche preemption and soil niche 
modification together affected shoot and root 
productivity. Shoot productivity was reduced in soil 
conditioned by forbs for Dianthus deltoides (-56%), 
Potentilla argentea (-74%), and the four legumes 
species, Lathyrus pratensis (-64%), Lotus 
corniculatus (-76%), Trifolium arvense (-75%), and 
Trifolium campestre (-73%). Soil conditioned by 
grasses affected shoot productivity of Dianthus 
deltoides (-76%), Silene vulgaris (-62%), and 
Potentilla argentea (-8%). Soil conditioned by mix of 

Figure 2. Shoot dry weight (g), root dry weight (g), and total dry weight (g) of the plant communities at the end of 
the conditioning phase. On the x-axis, the plant communities that created the soil histories (legacies) are represented 
as follows: mix (all three functional groups with one species per group), forbs (three species of forbs), grasses (three 
species of grasses), and legumes (three species of legumes). Black closed dots over the boxplots represent the average 
value of the group, and a 95% CI calculated using non-parametric bootstrap is shown. 
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PFG reduced shoot productivity of Potentilla 
argentea (-59%), Pillosella officinarum (-51%), and 
Lotus corniculatus (-55%) (Figure S5). Root 
productivity of Potentilla argentea (-71%), Dianthus 
deltoides (-58%), and the four legume species, 
Lathyrus pratensis (-58%), Lotus corniculatus (-
70%), Trifolium arvense (-71%), and Trifolium 
campestre (-59%) were also reduced growing in soil 
conditioned by forbs. Bromus hordeaceus increased 
root productivity (+244%), and Dianthus deltoides 
diminished it (-78%) in soil conditioned by grasses. 

Potentilla argentea reduced root productivity (-58%) 
growing in soil conditioned by mix (Figure S6 and 
Table 1). 

Discussion 
Here, we showed that soil niche modification alone 
does not affect the plant development at plant 
functional group level; it was in combination with soil 
niche preemption, where both together reduced root 

Figure 3 Shoot dry weight (g) and root dry weight (g) of forbs, grasses, and legumes, under control (yellow), soil 
niche modification (blue), or soil niche modification + soil niche preemption (purple) soil conditions. Forbs, 
grasses, and legumes on the top of the graph represent the PGF to which the plant species sown in the feedback 
phase belonged. Closed dots represent the mean value, and 95% confidence interval computed using non-
parametric bootstrap are shown (n=45-48). Open dots represent the observed shoot or root dry weight values, 
which were jittered horizontally to improve readability. On the x-axis, the soil legacies created in the conditioned 
soil are represented as follows: No: No legacy (this is our control), Mix: mix of PFG legacy, Forbs: forbs species 
legacy, Grasses: grasses species legacy, and Legumes, legume species legacy. Groups marked with an asterisk are 
significantly different from the no legacy control (yellow group). 

89



and shoot productivity. However, at the species level, 
we detected some species-specific effects of soil 
niche modification on root productivity and a mainly 
negative effect of the combination of soil niche 
preemption and soil niche modification on the above- 
or belowground productivity depending on the 
species. 

Contrary to our hypothesis, soil niche modification 
did not affect plant development at the PFG level in 
any scenario. Even when the PFG responsible for 
creating the legacy in the conditioning phase was the 
same or different from the PFG in the feedback phase, 
there was no observable effect of soil niche 
modification. However, soil niche preemption and 
soil niche modification together affected plant 
development at the PFG level. The combination of 
soil niche preemption and soil niche modification 
always showed negative response. Although the PFG 
responded to their own legacy, it was the forbs’ 
legacy the most detrimental one. Changes in nutrient 

availability and soil microbial legacies affected the 
development of later-arriving PFG. Community 
composition in natural grassland systems can be 
shaped by the conjunction of niche preemption and 
niche modification, because once a species is 
established, its legacy would endure for a long time, 
affecting assembly outcomes (Helsen et al., 2016). At 
the plant functional group level, in all cases where our 
results indicated an effect of soil niche preemption 
and soil niche modification treatment this was 
negative, reducing shoot and root biomass. These 
findings showed that during the feedback phase, 
forbs, grasses, and legumes suffered a decrease in 
their shoot productivity growing in soil conditioned 
by mix, forbs and grasses, with legumes being the 
only PFG affected by soil conditioned by itself. Root 
productivity was reduced for forbs growing in soil 
conditioned by forbs, grasses, and mix, and legumes 
in soil conditioned by mix and forbs. Grasses was the 
only PFG that was not affected by any legacy on root 
productivity. In addition, its root mass fraction was 

SDW RDW SDW RDW SDW RDW SDW RDW SDW RDW RMF SDW RDW SDW RDW SDW RDW

Grasses -38% 54% -42% -42%

Forbs -54% -36% -55% -50% -46% -30%

Legumes -34% -73% -66% -35% -47% -41%

SDW RDW SDW RDW SDW RDW SDW RDW SDW RDW SDW RDW SDW RDW SDW RDW

Agrostis capillaris 143% 171% 150%

Anthoxanthum hodorathum

Bromus hordeaceus 210% 153% 244%

Dianthus deltoides -76% -78% -56% -58%

Silene vulgaris -62%

Pillosella officinarum -51%

Potentilla argentea -8% -74% -71% -59% -58%

Lathyrus pratensis -64% -58%

Lotus corniculatus -76% -70% -55%

Trifolium  arvense -75% -71%

Trifolium campestre -73% -59%

Grasses Forbs Legumes Mix Grasses

Mix

Forbs Legumes Mix

Species

Soil niche modification Soil niche  preemption + Soil niche modification

Legacy Legacy

Grasses Forbs

PFG

Soil niche modification Soil niche  preemption + Soil niche modification

Legacy Legacy

Legumes Mix Grasses Forbs Legumes

Table 1. Relative effect sizes of soil niche modification and soil niche preemption + soil niche modification 
treatment and soil legacy at plant functional group and species level.
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positively affected by its own legacy, which could 
indicate belowground intra- or interspecific 
competition with grasses species. Legumes was the 
only legacy that did not affect the other PFG. In the 
case of legumes, an increase of intra- or interspecific 
competition with other legumes species, with the 
reduction in specific nutrients might be a possible 
explanation for the lower legumes’ performance in 
their own soil legacy. Forbs intervened in the creation 
of forbs and mix of PFG legacies during the 
conditioning phase. This, might have given them the 
advantage of take up some essential nutrients for plant 
development which could have impact shoot 
productivity of all the PFG, but also the root 
productivity of forbs and legumes. Forbs are highly 
dependent on the K content (Tilman et al., 1999), 
growing in a soil with deficit in that nutrient would be 
detrimental for its own or others development. 
Grasses intervened in the creation of the grasses and 
mix of PFG legacies during the conditioning phase, 
which could have implied a decrease in the total 
nutrient levels, as they are high competitors (Linder 
et al., 2018), which could explain the reduced shoot 
productivity of all PFG growing in soil conditioning 
by them or the reduction in root productivity in the 
case of forbs. Nutrient depletion by early arrival 
species seems to be the principal driver, since soil 
niche modification alone did significantly affect any 
of the PFG development. Further investigation is 
needed at the microbiome level to determine whether 
the absence of the impact of soil niche modification 
on the PSF response is a consequence of the lack of 
sufficient species-specific microorganisms. The 
inoculums of the soil niche modification treatment in 
the feedback phase represented only 10% of the soil 
weight, with the other 90% being sterilized soil. This 
could have caused a significant reduction in the 
presence of specific microbial groups. Soil type has 
been shown to be one of the main drivers of microbial 
community promotion (Philippot et al. 2013). 
Moreover, previous studies have shown that in sandy 
soils, the plant-soil-feedback responses are caused by 
abiotic soil conditions and by plant-soil microbial 
legacies (Bezemer et al., 2006). The soil used in this 

study is not only a sandy soil, but also a nutrient poor 
with acid pH, parameters which can alter PSF 
responses (Ehrenfeld et al., 2005). These 
characteristics could lead to a limiting environment in 
which nutrient acquisition is the main limiting factor 
for plant development, not only at the PFG level, but 
also at the species level. Contrary to our findings, 
previous studies have demonstrated the effects of 
plant microbial legacies on subsequent plant species 
(Cortois et al. 2016; Semchenko et al. 2019; Heinen 
et al. 2020; Hannula et al. 2021). The soil in these 
studies differs among them, but all have higher pH 
and nutrient levels than ours. This could be the reason 
why our results did not detect the effect of microbial 
legacies at the PFG level. Research investigating how 
soil properties can impact PSF responses is needed to 
determine if some of these parameters are decisive in 
the stimulation of specific microbial communities or 
if the limitation of the soil environment determines 
the strength of the PSF. 

When we took a closer look at the species level, soil 
niche modification resulted in a positive response of 
two of the species to specific legacies in root 
development. Forbs, grasses, and legumes microbial 
legacies increased A. capillaris and forbs, and 
legumes microbial legacies increased B. hordeaceus 
root biomass. Our findings suggest that soil niche 
modification effects on plant growth are species-
specific and depend on the legacy type. Šmilauer and 
Šmilauerová (2013) observed a similar response in a 
soil nutrient depletion context, with grasses species 
benefiting from the presence of legumes and forbs 
species. Intra- and inter-specific legacies can 
determine the establishment of species, driving 
the community composition (van de Voorde et al., 
2011). Negative PSF have been detected from 
different ratios of grasses and forbs over species of 
their same PFG (Heinen et al. 2020), and positive 
PSF have been detected for species growing in soil 
conditioned by other species (Cortois et al. 2016; 
Huberty et al. 2022; Zhang et al., 2022). 
Intraspecific legacies appear to be more likely 
negative than interspecific ones (Kulmatiski and 
Kardol 2008; Hendriks et al. 2013), 
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as we see in this case, where two grasses benefited 
from legumes and forbs legacies. However, Delory et 
al., (2021) demonstrated that different plant 
functional groups generate distinct metabolomes 
creating specific soil chemical legacies that affect 
later-arrival species differently depending on their 
identity. The observed response of A.capillaris and B. 
hordeaceus to specific soil legacies could have been 
also motivated by soil chemical legacies, and not only 
by microbial legacies. Additional information is 
required to determine whether these changes are due 
to soil microbial or soil chemical legacies. 

Plant development responded to the combined effects 
of soil niche preemption and soil niche modification 
at the species level. These responses varied with 
species identity, affecting in more or less degree the 
growth of the plants depending on it, but mainly 
negatively. The legacy of forbs was prejudicial for 
more than half of the later arriving species, affecting 
the overall legume species or other forbs. As 
previously mentioned, the uptake of specific nutrients 
by forbs (Tilman et al., 1999) could be the reason to 
explain this negative effect of the forbs soil legacy at 
species level, specially over legumes, which seems to 
be a plant functional group very sensitive to soil 
environmental changes since they were affected by 
every soil legacy at the PFG level. Growing in soil 
conditioned by grasses diminished the shoot growth 
of S. vulgaris, possibly due to nutrient depletion. In 
the case of D. deltoides, shoot and root growth were 
reduced. This species has been previously found to 
react negatively to grass and forbs legacies, 
specifically to their soil chemical legacies (Delory et 
al., 2021). Grasses legacy was the only one which 
generated a positive response. This occurred with 
B.hordeaceus, which produced more roots in grass-
conditioned soil. Surprisingly, this species did not
benefit from arriving earlier in the soil niche
modification treatment under grasses legacy, so it is
unlikely that microbial legacies are responsible for
this event. D. deltoides, P. argentea, P. officinarum,
and L. corniculatus reduced their growth above- or
belowground, or in both cases, growing in soil
conditioned by a mix of PFG. With the exception of

P. officinarum, these species were also affected by 
forbs or grasses legacies. Both PFG conform the mix 
of PFG legacy together with legumes, which could 
trigger the same effects over these species in the mix 
than the forbs or grasses legacies.

In conclusion, soil niche preemption and soil niche 
modification acting together created priority effects 
in dry acidic grassland plant communities. However, 
soil niche preemption appears to be the major driver 
in the creation of these priority effects under nutrient-
poor soil characteristics. Further investigation is 
needed to clarify if soil properties and nutrient levels 
can determine the impact of microbial legacies on 
plant communities. Understanding the consequences 
of different soil systems in the creation of priority 
effects via soil niche preemption, soil niche 
modification or their combination will help to 
comprehend different paths of species coexistence 
and community trajectories. 
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4.1 Supplementary information of Chapter 3 

Figure S1. Relative effect size of shoot and root productivity of forbs, grasses, legumes, and mixtures of PFG 
communities in sterilized soil treatments compared to the control (unsterilized). The dashed-line represent the zero 
value. Closed dots represent the average value of the effect sizes of the communities growing in a mixture of 
sterilized soil (S1) (90%) + inoculated with unsterilized live soil (U) (10%), with nutrient flush, and 95% confidence 
intervals computed using non-parametric bootstrap are shown (n=5-7). Open dots represent the relative effect sizes 
for shoot and root dry weight values, which were jittered horizontally to improve readability. 
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Figure S2. Relative effect size of shoot productivity (Shoot Dry Weight [g]) of forbs, grasses, legumes, and 
mixtures of PFG communities under soil niche modification (blue) or soil niche modification + soil niche 
preemption (purple) conditions. The dashed-line represent the zero value. Closed blue dots represent the average 
value of the effect sizes of the PFG growing under soil niche modification. Closed purple dots represent the average 
value of effect sizes of PFG growing under soil niche modification + soil niche preemption (purple) conditions. 
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Figure S3. Relative effect size of shoot productivity (Root Dry Weight [g]) of forbs, grasses, legumes, and mixtures 
of PFG communities under soil niche modification (blue) or soil niche modification + soil niche preemption (purple) 
conditions. The dashed-line represent the zero value. Closed blue dots represent the average value of the effect sizes 
of the PFG growing under soil niche modification. Closed purple dots represent the average value of effect sizes of 
PFG growing under soil niche modification + soil niche preemption (purple) conditions. 
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Figure S4. Root mass fraction (g/g) of forbs, grasses, and legumes under control (yellow), soil niche modification 
(blue), or soil niche modification + soil niche preemption (purple) soil conditions. Forbs, Grasses and Legumes on 
the top of the graph represent the PGF to which the plant species sown in the feedback phase belonged. Closed dots 
represent the mean value, and 95% confidence interval computed using non-parametric bootstrap are shown (n=45-
48). Open dots represent the observed shoot or root dry weight values, which were jittered horizontally to improve 
the readability. On the x-axis, the soil legacies created in the conditioned soil are represented as follows: No: No 
legacy (this is our control), Mix: mix of PFG legacy, Forbs: forbs species legacy, Grasses: grasses species legacy, 
Legumes, legume species legacy. Groups marked with an asterisk are significantly different from the no legacy 
control (yellow group). 
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Figure S5. Shoot dry weight (g) of individual plant species under control (yellow), soil niche modification (blue) 
or soil niche modification + soil niche preemption (purple) soil conditions. Species names on the top of the graph 
represent the species identity of the plant sown in the feedback phase belonged. Closed dots represent the mean 
value, and 95% confidence interval computed using non-parametric bootstrap are shown (n=45-48). Open dots 
represent the observed shoot or root dry weight values, which were jittered horizontally to improve the readability. 
On the x-axis, the soil legacies created in the conditioned soil are represented as follows: No: No-legacy - control 
group, Mix: mix of PFG legacy, Forbs: forbs species legacy, Grasses: grasses species legacy, Legumes, legume 
species legacy. Groups marked with an asterisk are significantly different from the no legacy control (yellow group). 
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Figure S6. Root dry weight (g) of individual plant species under control (yellow), soil niche modification (blue) or 
soil niche modification + soil niche preemption (purple) soil conditions. Species names on the top of the graph 
represent the species identity of the plant sown in the feedback phase belonged. Closed dots represent the mean 
value, and 95% confidence interval computed using non-parametric bootstrap are shown (n=45-48). Open dots 
represent the observed shoot or root dry weight values, which were jittered horizontally to improve the readability. 
On the x-axis, the soil legacies created in the conditioned soil are represented as follows: No: No-legacy - control 
group, Mix: mix of PFG legacy, Forbs: forbs species legacy, Grasses: grasses species legacy, Legumes, legume 
species legacy. Groups marked with an asterisk are significantly different from the no legacy control (yellow group).
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4.2 Supplementary photographic material of Chapter 3 

FEBRUARY 2021 
 Nutrient flush pre-experiment 

MARCH 2021 
Nutrient flush pre-experiment 

MARCH 2021 
Nutrient flush pre-experiment

SEPTEMBER 2022 
Conditioning phase pots – 
Plant-soil feedback experiment 

NOVEMBER 2022 
Feedback phase pots –  
Plant-soil feedback experiment 

NOVEMBER 2022 
Legume clean root 
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5. Synthesis and Conclusions 

5.1 Main findings 

In general, the findings presented in this thesis provide support for the importance of priority and year 

effects in terms of ecosystem structure and functioning in grasslands. These findings are relevant to the 

context of management and restoration of these ecosystems that have been identified as an important 

ecosystem that require attention during the next decade (Dudley et al., 2020; UN Decade on Restoration).  

 

This thesis provides evidence that identifies the following findings: 

 

 The order of arrival of plant functional groups did not affect the plant community productivity 

above or belowground (Chapter 1 and 2). However, aboveground productivity was strongly 

affected by the year of initiation of the plant communities. In contrast, species composition was 

driven by the time since establishment, with little contribution from the plant functional group 

order of arrival and year of initiation. Moreover, species diversity was modulated by the PFG order 

of arrival; however, this effect evolved over time and depended on the year of initiation of plant 

communities. (Chapter 1) 

 

 Assembly history can modulate the vertical root distribution of plants in grassland ecosystems. 

Plant functional group order of arrival affected vertical root distribution, with communities where 

grasses were the initial founders exhibiting shallower rooting, whereas deeper root systems were 

displayed in those in which forbs or legumes arrived first. (Chapters 1 and 2) 

 
 Soil niche preemption in combination with soil niche modification are responsible for the creation 

of priority effects in dry acidic grasslands, where soil niche preemption seems to be the primary 

driver in the creation of priority effects because soil niche modification alone did not produce 

significant effects on PFG development. (Chapter 3) 



5.2 Priority effects on community structure and productivity 

Prior experimental studies that manipulated the order of arrival of plant functional groups in plant 

grassland communities observed that sowing legumes as the founder PFG resulted in communities with 

higher aboveground productivity, but lower belowground productivity (Körner et al., 2008; von 

Gillhaussen et al., 2014; Weidlich et al., 2017, 2018). However, the results presented in this thesis did not 

find a significant impact of different PFG arrival orders on above-or belowground productivity in the 

POEM or Rhizobox experiments. Instead, the year of initiation of the plant community had a significant 

effect on aboveground productivity in the POEM experiment. Consistent with these findings, previous 

experiments in Californian grasslands communities indicated that year effects was the strongest driver of 

changes in plant communities, although priority effects were also important in these cases to a lesser 

extend (Stuble et al., 2017.b; Werner et al., 2020) (Figure 5.1 and Figure 5.2). 

Additionally, in the POEM experiment, the community composition was influenced by the time since the 

experiment was initiated, with a relatively smaller contribution of the plant functional group order of 

arrival and the year of initiation. From the second growing season, forbs first and grasses first communities 

were dominated by forbs and grasses, respectively. In contrast, diversity was driven by PFG order of 

arrival over time, depending on the year of initiation of the plant communities. In the third growing season, 

forbs first communities were the most diverse and grasses-first the least diverse. Previous studies have 

also reported priority effects on community composition, with communities dominated by the founder 

PFG (Körner et al., 2008; von Gillhaussen et al., 2014; Weidlich et al., 2017). In Werner et al., (2016) as 

in the results obtained in this thesis, priority effects increased over time with forbs and grasses dominating 

the communities where they arrived first. Although the priority effects results of this thesis were not very 

strong and acted in combination with time and year of initiation, there was still an impact of the order of 

arrival on the community structure (Figure 5.1). 

Differences in experimental setup have an important impact on the strength of the obtained results in the 

structure and productivity of the communities by manipulating the order of arrival of plant functional 

groups. Here, it is argued that 1) the ecosystem and the experimental conditions could be a contributing 

factor to the variation observed in priority effects outcomes. In the POEM experiment, the selected system 

was a dry acidic grassland with nutrient-poor soil under field conditions, where no priority effects were 

identified in either aboveground or belowground productivity. In contrast, a previous field experiment  
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conducted in a mesotrophic grassland with richer nutrient soil detected priority effects on productivity 

both above- and belowground (Weidlich et al., 2017, 2018). This is aligned with the ecological theory, 

which suggests that in environments with higher nutrient levels, competition tends to intensify (Chase, 

2003; Chase & Leibold, 2009). In the Rhizobox experiment, the order of arrival of PFG was tested in a 

greenhouse experiment using rhizoboxes. The limited growth space provided by the rhizoboxes in 

combination with the short duration of the experiment, around 40 days, could have been the cause of the 

absence of priority effects in above- and belowground productivity. 2) The species composition of the 

PFG, with the inclusion of species with highly competitive characteristics in seed mixtures, could result 

in communities predominantly dominated by these species. In the POEM experiment, the composition of 

the communities evolved differently over time depending on the year of initiation and order of arrival of 

the PFG. However, the early arrival of grasses had a detrimental effect on plant diversity and evenness, 

primarily because of the strong dominance of Bromus hordeaceus. 3) The duration of the sowing interval 

has also been found to affect the strength of the priority effects (Körner et al., 2008; von Gillhaussen et 

al., 2014; Werner et al., 2020). In the POEM experiment, the sowing interval was six weeks, which might 

not have been long enough to create priority effects in a slow system such as dry acidic grasslands. 4) 

Management practices, such as mowing, have the potential to benefit perennial species (Kirmer et al., 

2018), and weeding reduces competition for the sown species, thereby reinforcing priority effects, 

particularly when the sown species are of a perennial nature or less competitive than unsown species. The 

POEM experiment was only mowed once at the end of the season, and the treatment plots were never 

weeded, while other experiments that detected priority effects mowed twice a year (Weidlich et al., 2017) 

or weeded the plots from unwanted species (Stuble et al., 2017.b).  

The next step in restoration ecology research would be to elucidate the extent to which different factors, 

such as site, soil characteristics, or the year of initiation, modulate the strength and direction of priority 

effects in determined ecosystems and conditions. Therefore, further field experiments are required to 

comprehensively assess the impact of specific factors on the outcomes of priority effects. The PFG 

approach, which involves manipulating the order of arrival of groups of species sharing common traits, 

provides a valuable framework for exploring how functional or morphological traits or phylogenetic 

relatedness respond to different environmental conditions. Furthermore, year effects have been 

demonstrated to be an important driver of aboveground productivity. It is important to determine the 

specific weather conditions that promote certain characteristics within communities. Additionally, 
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research exploring whether this interaction between aboveground productivity and year effects also occurs 

at the belowground level is essential. This knowledge is vital for practical applications, particularly in 

ecological restoration. Considering the weather conditions that favour the desired species and encourage 

their development in the intended direction could enhance the success of restoration practices and achieve 

more effective ecosystem management.  

 
Figure 5.1. Synthesis of the results from the POEM experiment. Graphical representation of the POEM 

experiment communities of POEM2020 and POEM2021 in year three. Solid green bars represent the total 

biomass (g/m2) of the communities of initiated in 2020 and the ones initiated in 2021. Roots represent 

differences in vertical distribution along the soil profile, depending on the order of arrival in the 

POEM2021 communities. 
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5.3 Priority effects on the vertical root distribution

This thesis sheds light on the fact that by manipulating the order of arrival of plant functional groups, 

priority effects can arise, boosting deeper root communities when forbs or legumes are the founders of 

PFG. The experiments here contained are the first exploring and detecting priority effects on the vertical 

root distribution of grassland plant communities. Similar results were obtained from both the POEM and 

Rhizobox experiments, despite the different experimental conditions tested. On the one hand, in the POEM 

experiment (Figure 5.1), the vertical root distribution generated by manipulating the order of arrival of 

PFG in dry acidic grasslands with species belonging to this ecosystem was tested under field conditions 

with a minirhizotron image system. On the other hand, in the Rhizobox experiment (Figure 5.2) this was 

tested under controlled conditions, with mesic grassland species, potting soil and a rhizobox imaging 

system. 

The results indicated that by sowing grasses first, rooting patterns were shallower than sowing forbs or 

legumes, which generated deeper root systems without increasing root productivity. Different traits and 

adaptability of plants to abiotic and biotic conditions (Herben et al., 2018; Chen et al., 2020; Bakker et al., 

2021, 2019; Lepik et al., 2021) created differences in vertical root distribution when a PFG arrived first. 

When species with deep-rooting patterns, such as forbs and legumes, arrive earlier, they can reach deeper 

soil layers and resources. They leave space for shallow rooting species, such as grasses, to grow in the 

topsoil. When species with shallow-rooting patterns arrive earlier (i.e., grasses), they preempt and modify 

the niche mainly in the topsoil, which can affect the colonization of deeper soil layers by deep-rooting 

species. Previous priority effects studies indicating differences in root productivity on the topsoil when 

sowing legumes first (Weidlich et al., 2018) could have underestimated root productivity in deeper layers 

of the soil by sampling only in shallow layers without considering the vertical distribution of the roots. 

Introducing forbs or legumes first in grassland ecosystems can lead to deeper root communities, which 

could have potential implications for carbon storage in the subsoil because grasslands have been 

highlighted as a global carbon sink (Bai & Cotrufo, 2022; Dass et al., 2018). Deeper root systems could 

enhance ecosystem resilience, allowing plants to exploit resources and water at various levels (Fort et al., 

2017; Maeght et al., 2013). This could contribute to increase niche differentiation (Leibold, 2008) by using 

the environment differently, thereby reducing interspecific competition and promoting coexistence. 

Further investigation at the species level is needed to identify the species that explore the soil vertically 
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under these arrival circumstances using molecular techniques relying on DNA sequencing (Wagemaker 

et al., 2020).  

Figure 5.2. Synthesis of results from the Rhizobox experiment. Representation of the mean root depth 

(MRD) of grasses first, forbs first, and legumes first communities at the end of the experiment. 

5.4 Priority effects mechanisms

Legacy effect is defined following (Cuddington, 2011) as “impacts of a species on abiotic or biotic  

features  of  ecosystems  that  persist  for  a  long  time after the species has been extirpated or ceased 

activity and which have an effect on other species”. According to the niche framework presented by 

Fukami, (2015), priority effects are created by two classes of mechanisms: niche preemption, where 

species arriving earlier use the resources available in the niche (e.g., nutrients, light, or space), limiting 

them for the later arriving species, and niche modification, where species arriving earlier change the types 

of niches available for later arriving species (e.g., microbial communities or chemical exudates). The 
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composition of grassland communities can be shaped by the effect of the mechanisms of niche preemption 

and niche modification, since once a species is established, its legacy could have long-lasting permanence 

in the system, thus affecting community assembly (Helsen et al., 2016). In the PSF experiment, the two 

mechanisms were isolated to focus solely on aspects related to the soil in a plant-soil feedback setup. Soil 

niche preemption (nutrient uptake) and soil niche modification (microbial legacies) were investigated to 

assess their significance in creating priority effects in dry acidic grassland plant communities.  

The findings from this thesis show that soil niche modification did not create priority effects in the PFG. 

In contrast, when both mechanisms were applied together, soil niche modification and soil niche 

preemption, their combination affected PFG development, always with a negative response (Figure 5.3). 

Soil conditioned by mixtures of PFG, forbs, or grasses affected the aboveground development of all 

subsequent PFG in the feedback phase. Only legumes were affected by their own legacies. Forbs and 

mixture of PFG conditioned soils affected the belowground productivity of legumes and forbs, with forbs 

also affected by grass-conditioned soil. Grasses allocate more biomass to their roots, increasing their root 

mass fraction when they grew in their own conditioned soil, which could indicate higher intra- and/or 

interspecific competition between grasses species. The soil used in this experiment was a nutrient-poor 

sandy soil, which could be the key to these findings. Previous studies have suggested that abiotic soil 

conditions trigger plant-soil feedback responses rather than microbial legacies in sandy soils (Bezemer et 

al., 2006). Nutrient depletion via soil niche preemption seemed to be the primary driver in the creation of 

priority effects, as soil niche modification alone did not significantly impact PFG development. The uptake 

of specific macro and/or micronutrients by early arrival PFG could have created a more restricted 

environment for the development of later arrival PFG than that created by microbial legacies. 

These results indicate that in slow systems, such as dry acidic grasslands with nutrient-poor soils, soil 

niche preemption through nutrient depletion by early arrival PFG has an important impact on subsequent 

PFG arrivals. These findings are context-dependent because, in nature, these processes are never isolated; 

instead, they interact with other mechanisms such as competition for light, water, or space. However, these 

additional factors were not considered in the present study. Therefore, further investigation at the 

microbiome level is needed to clarify the absence of a significant response to soil niche modification. 
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Figure 5.3. Synthesis of the results presented in Chapter 2. Representation of the significant differences 

in shoot and root growth of the plant functional groups, forbs, grasses, and legumes in response (feedback 

phase) to the soil treatments established with the legacies created by mix, forbs, grasses, and legumes 

communities during the conditioning phase. * represents significant differences compared with the 

control. The absence of shoots and roots in the representation indicates that no significant differences. 
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5.5 Conclusions

In conclusion, the findings of this thesis underscore the significance of manipulating the order of arrival 

of PFG in creating priority effects within the vertical root distribution of grassland systems. Specifically, 

sowing legumes and forbs ahead of other PFG results in deeper root communities, providing a method 

that could enhance resilience in grassland ecosystems against harsh weather conditions, promote niche 

differentiation, and consequently foster species coexistence. The POEM and Rhizobox experiments are 

the first to test and detect priority effects in vertical root distribution.  

At the same time, year effects, considered as the weather conditions that the communities endured during 

their year of initiation, were found to be a significant factor influencing aboveground productivity in dry 

acidic grasslands. Therefore, identifying the specific weather conditions that support the preferred 

trajectory of community assembly could represent a crucial advancement in the field of restoration. 

Moreover, it is important to investigate the extent to which year effects also affect below-ground 

productivity. 

Furthermore, the findings from the PSF experiment suggest that the interplay between soil niche 

preemption and soil niche modification is key to understanding the priority effects responses in dry acidic 

grasslands. From available evidence, it is plausible that nutrient uptake may be the primary factor driving 

these responses in such ecosystems.  

Collectively, these results contribute to a better understanding of community assembly, providing insights 

that could prove beneficial in designing restoration strategies aimed at fostering specific ecosystem 

functions in grasslands.  
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