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Summary 

Numerous species have been translocated by humans beyond their native ranges. Some 

of these alien species have established self-sustaining populations (i.e. naturalized), and a 

small fraction of these naturalized species have become invasive (e.g. widespread and locally 

dominant). The negative impact of invasive species, such as threatening native species and 

causing economic losses, has made understanding the factors that determine invasion success 

of alien species a priority for global conservation.  

One explanation is that invasive alien species are more competitive than the native 

species that they encounter in their naturalized ranges. A large body of research has focused 

on how alien and native species affect each other (strength of interspecific competition), one 

determinant of competitive outcomes. However, coexistence theory proposes that competitive 

outcomes are also determined by intrinsic growth rates (growth rate when alone) and how 

species affect conspecifics (strength of intraspecific competition). While studies often focus 

on the net effect of competition, competition between plants occurs through a number of 

different mechanisms - resource competition, allelopathy, and higher-trophic-level-mediated 

competition (e.g. herbivores and pathogens). Looking into these specific mechanisms will 

provide detailed insights into which mechanism promotes or impedes species coexistence. 

The situation is further complicated by the fact that competition in natural systems typically 

involves interactions among multiple species. This means that studies focused on pairwise 

competition (competition between pairs of species), may miss important ecological dynamics.  

To fill these gaps, I first quantified competitive outcomes and their determinants 

(intrinsic growth rate and strength of intra- and interspecific competition) in 48 pairs of native 

and naturalized alien annual plants. To better understand invasion success, I compared aliens 

that were either common or rare in their naturalized ranges to common and rare native 
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species. Overall, aliens were not more competitive than natives. However, common aliens (i.e. 

those that have probably become invasive) were more competitive than rare natives, even in 

spite of strong limitation by intraspecific competition. This is because of the combination of 

higher intrinsic growth rates in alien compared to native species, and in common compared to 

rare ones. Strength of interspecific competition was not related to species origin (alien or 

native) or commonness. This first chapter suggests that variation among species in intrinsic 

growth rates is more important in competitive outcomes than inter- or intraspecific 

competition, and thus contributes to invasion success and rarity. 

Second, I tested the prevalence of allelopathy (biochemical interactions between alien 

and native plants), and its role in plant invasion. I performed a meta-analysis of 385 

experiments that measured allelopathic effect of one species on another species or itself. On 

average, allelopathy reduced plant performance by 25%, but the variation in allelopathic 

effects was high. The negative impacts of allelopathy increased as phylogenetic distance 

between species increased. Moreover, native plants suffered more negative effects from 

naturalized alien plants than of other native plants.  

In my third chapter, I tested whether and how a third plant species affects the 

competitive outcomes between alien and native plants through soil legacy (i.e. soil-microbes-

mediated competition). I conditioned soil with one of ten species (six native and four alien to 

Germany) or without plants. Then, I grew on these 11 soils, five aliens and five natives 

without competition, and with intra- or interspecific competition (all pairwise alien-native 

combinations). Overall, aliens were not more competitive than natives when grown on soil 

conditioned by other natives or on non-conditioned soil. However, aliens were more 

competitive than natives on soil conditioned by other aliens. Although soil conditioning 

rarely affected the strength of competition of later plants, soil conditioned by aliens changed 



 

v 

 

competitive outcomes by affecting growth of aliens less negatively than that of natives. 

Rhizosphere-microbiome analysis confirmed this finding by showing that the soil legacy 

effects of one species on later species became less negative as their fungal endophyte 

communities became less similar, and that fungal endophyte communities were less similar 

between two aliens than between aliens and natives. The study suggests that coexistence 

between alien and native plants might be less likely with more alien species. Such invasional 

meltdown is most likely mediated by spill-over of fungal endophytes, some of which are 

pathogenic. 

Fourth, I examined whether species-rich communities are more resistant to alien 

invaders than species-poor communities through soil-microbes-mediated competition. I 

conditioned soils with five individually grown native species (soil-conditioning phase), and 

used amplicon sequencing to analyze the resulting bacterial and fungal soil communities. I 

mixed the soils to create conditioned soils from one, two or four native species. I then grew 

four alien species separately on these differently soils (test phase). In the soil-conditioning 

phase, the five native species built species-specific bacterial and fungal communities in their 

rhizospheres. In the test phase, biomass of alien plants did not differ between soil that had 

been conditioned by one or two native species. However, the alien species achieved 11.7% 

less aboveground biomass when grown on soils conditioned by four native species than on 

soils conditioned by two native species. Our results revealed that soil-microbes-mediated 

competition could provide resistance to alien invaders in species-rich communities. 

To sum up, my thesis emphasized intrinsic growth rate as an important component in 

determining coexistence of alien and native plants. The results presented in my chapters 

challenges the common view that alien plants are more competitive than natives in pairwise 

competition. However, in systems with three plant species, soil-microbes-mediated 
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competition promoted dominance of alien species. Last, in systems with more native species, 

growth of aliens was strongly suppressed. There four projects highlight the power of 

coexistence theory in understanding invasion success of alien species. 
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Zusammenfassung 

Zahlreiche Pflanzenarten wurden von Menschen über ihre heimischen Regionen hinaus 

verbreitet. Einige dieser nichtheimischen Spezies haben selbsterhaltende Populationen 

etabliert (d.h. sich naturalisiert), und ein kleiner Bruchteil dieser naturalisierten Arten wurde 

invasiv (d.h. weit verbreitet und lokal dominant). Durch den negativen Einfluss von invasiven 

Arten, wie die Bedrohung von einheimischen Arten und das Verursachen von 

wirtschaftlichem Schaden, ist das Verständnis der Faktoren, die den Invasionserfolg 

nichtheimischer Arten bestimmen, zu einer Priorität für globalen Naturschutz geworden.   

Eine Erklärung besteht darin, dass invasive nichtheimische Arten konkurrenzfähiger 

seien als die nativen Arten, die sie in ihren naturalisierten Gebieten antreffen. Umfangreiche 

Forschungsarbeiten haben sich darauf fokussiert, wie nichtheimische und einheimische 

Spezies aufeinander einwirken (Stärke der interspezifischen Konkurrenz), was einen 

bestimmenden Faktor von kompetitiven Auswirkungen darstellt. Jedoch nimmt die 

Koexistenztheorie an, dass kompetitive Auswirkungen ebenso durch die intrinsischen 

Wachstumsraten (Wachstumsrate, wenn alleine) und dadurch, wie Arten ihre Artgenossen 

beeinflussen (Stärke der intraspezifischen Konkurrenz), bestimmt werden.  

Während Studien sich oftmals auf den Nettoeffekt von Konkurrenz fokussieren, 

geschieht Wettbewerb zwischen Pflanzen durch eine Anzahl von verschiedenen 

Mechanismen – Ressourcenkonkurrenz, Allelopathie und Wettbewerb auf höheren 

trophischen Ebenen (z.B. durch Pflanzenfresser und Pathogene). Die Untersuchung dieser 

spezifischen Mechanismen wird detaillierte Einsichten darüber ergeben, welcher 

Mechanismus die Koexistenz der Arten fördert oder behindert. Erschwert wird die Situation 

durch die Tatsache, dass Wettbewerb in natürlichen Systemen typischerweise Interaktionen 

zwischen verschiedenen Arten involviert. Das bedeutet, dass Studien, die sich auf paarweisen 
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Wettbewerb (Wettbewerb zwischen Speziespaaren) möglicherweise wichtige ökologische 

Dynamiken übersehen.  

Um diese Lücken zu füllen, habe ich zuerst kompetitive Auswirkungen und ihre 

Determinanten (intrinsische Wachstumsrate und Stärke der intra- und interspezifischen 

Konkurrenz) in 48 Paaren von nativen und naturalisierten nichtheimischen einjährigen 

Pflanzen quantifiziert. Um den Invasionserfolg besser zu verstehen, habe ich nichtheimische 

Pflanzen, die in ihren naturalisierten Gebieten entweder häufig oder selten vorkamen, mit 

häufigen und seltenen heimischen Pflanzen verglichen. Insgesamt waren nichtheimische 

Pflanzen nicht kompetitiver als native Pflanzen. Jedoch waren häufige nichtheimische 

Pflanzen (d.h. diejenigen, die wahrscheinlich invasiv geworden waren) kompetitiver als 

seltene native Pflanzen, selbst trotz einer starken Beschränkung durch intraspezifischen 

Wettbewerb.  

Dies liegt an der Kombination von höheren intrinsischen Wachstumsraten bei 

nichtheimischen Arten im Vergleich mit nativen Arten, und bei häufigen Arten verglichen 

mit seltenen Arten. Die Stärke der interspezifischen Konkurrenz stand nicht in Beziehung zur 

Herkunft der Pflanzen (nichtheimisch oder nativ) oder zu ihrer Häufigkeit. Das erste Kapitel 

kommt zu dem Schluss, dass die Variation der intrinsischen Wachstumsraten innerhalb der 

Spezies bei kompetitiven Ergebnissen eine wichtigere Rolle spielt als der inter- oder 

intraspezifische Wettbewerb, und sie daher zum Invasionserfolg und zur Seltenheit beiträgt.  

Zweitens habe ich die Prävalenz der Allelopathie - der biochemischen Interaktion - 

zwischen nichtheimischen und heimischen Pflanzen und ihre Rolle bei Pflanzeninvasionen 

untersucht. Ich habe eine Metaanalyse von 385 Experimenten durchgeführt, um den 

allelopathischen Effekt einer Spezies (Allelopathie-Pflanze) auf eine andere Spezies oder sich 

selbst (Testpflanze) zu messen. Zwar reduzierte Allelopathie die Pflanzen-Performanz im 
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Durchschnitt um 25%, doch die Variation der allelopathischen Effekte war hoch. Die 

negative Auswirkung der Allelopathie nahm im selben Maße zu wie die phylogenetische 

Distanz zwischen den Spezies. Darüber hinaus erlitten native Pflanzen mehr negative 

Auswirkungen durch naturalisierte nichtheimische Pflanzen als durch andere native Pflanzen.   

In meinem dritten Kapitel habe ich untersucht, ob und auf welche Weise eine dritte 

Pflanzenart die Konkurrenzergebnisse zwischen nichtheimischen und nativen Pflanzen bei 

Boden-Mikroben-Konkurrenz beeinflusst. Hierfür wurde Boden mit einer von drei 

Pflanzenarten (6 in Deutschland heimische oder nichtheimische Pflanzen) oder ohne Pflanzen 

konditioniert. Dann wurden auf diesen 11 Böden fünf nichtheimische und fünf heimische 

Pflanzen ohne Wettbewerb und mit intra- oder interspezifischem Wettbewerb (alles 

paarweise nichtheimisch-heimisch-Kombinationen) gezogen. Insgesamt waren 

nichtheimische Pflanzen nicht konkurrenzfähiger als native Arten, wenn sie auf von anderen 

nativen Pflanzen konditioniertem Boden oder auf nicht konditioniertem Boden wuchsen. 

Jedoch waren nichtheimische Pflanzen kompetitiver auf Boden, der von anderen 

nichtheimischen Pflanzen konditioniert wurde. Von nichtheimischen Pflanzen konditionierter 

Boden veränderte die Wettbewerbsergebnisse dadurch, dass die intrinsischen 

Wachstumsraten von nichtheimischen Pflanzen weniger negativ beeinflusst wurden als 

diejenigen von native Arten, und nicht durch Beeinflussung der Stärke des Wettbewerbs. 

Die Rizosphäre-Mikrobiom-Analyse wies darauf hin, dass der weniger negative Effekt 

von nichtheimischen Arten auf andere nichtheimische Arten daher kommen könnte, dass die 

Pilz-Endophyt-Gemeinschaften zwischen nichtheimischen Arten eine hohe Verschiedenheit 

aufwiesen. Die Studie weist darauf hin, dass die Koexistenz zwischen nichtheimischen und 

nativen Pflanzen mit mehr nichtheimischen Pflanzen weniger wahrscheinlich sein könnte. 
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Ein solcher Invasionszusammenbruch wird höchstwahrscheinlich durch Spill-Over von Pilz-

Endophyten vermittelt. 

Viertens habe ich untersucht, ob bei Boden-Mikroben-Wettbewerb artenreiche 

Gemeinschaften resistenter gegenüber nichtheimischen Arten sind als artenarme 

Gemeinschaften. Ich habe Boden mit fünf individuell gezogenen nativen Arten konditioniert 

(Bodenkonditionierungsphase) und Amplicon-Sequenzierung verwendet, um die daraus 

hervorgehenden bakteriellen und fungalen Bodengemeinschaften zu analysieren. Die Böden 

wurden vermischt, um von einer, zwei oder vier nativen Spezies konditionierten Boden zu 

erhalten. In der Bodenkonditionierungsphase haben die fünf nativen Arten artenspezifische 

bakterielle und fungale Gemeinschaften in ihren Rhizosphären aufgebaut. In der Testphase 

unterschied sich die Biomasse nichtheimischer Arten bei Böden, die von einer oder zwei 

nativen Arten konditioniert wurden, nicht.Jedoch erreichten die nichtheimischen Arten 11.7% 

weniger oberirdische Biomasse, wenn sie auf von vier nativen Arten konditionierten Böden 

wuchsen, als auf von zwei nativen Arten konditionierten Böden. Unsere Ergebnisse haben 

gezeigt, dass Boden-Mikroben-Wettbewerb Widerstand gegenüber nichtheimischen 

invasiven Pflanzen in artenreichen Gemeinschaften ausbilden könnte.  

 Insgesamt hebt meine Dissertation die intrinsische Wachstumsrate als einen wichtigen 

Bestimmungsfaktor für die Koexistenz von nichtheimischen und nativen Pflanzen hervor. Die 

in meinen Kapiteln dargestellten Ergebnisse stellen die allgemeine Auffassung in Frage, dass 

im paarweisen Vergleich nichtheimische Pflanzen kompetitiver seien als einheimische. In 

Systemen mit drei Pflanzenarten hat jedoch Boden-Mikroben-Wettbewerb eine Dominanz 

von nichtheimischen Arten gefördert. Schließlich wurde in Systemen mit mehreren nativen 

Arten das Wachstum von nichtheimischen Arten stark unterdrückt. Dieses Ergebnis kann eine 
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Anregung an die zukünftige Forschung sein, die Koexistenz von nichtheimischen und 

heimischen Arten in komplexeren Systemen zu untersuchen.  
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General introduction 

On Christmas day 1859, a few European rabbits were released for sport hunting in 

Victoria (Cooke 2014). At that time, no one could have imagined that this handful of 

individuals would become a pest throughout the island continent, depleting natural pastures 

and ruining millions of dollars of crops every year. The European rabbit in Australia is just 

one example of biological invasion. The last 200 years has seen thousands of species 

translocated by human beyond their native ranges (i.e. alien or introduced species), 

sometimes resulting in establishment in new regions (i.e. naturalized species; Dawson et al. 

2017, Seebens et al. 2017) . For example, over 13,000 plant species, corresponding to 3.9% 

of the extant global vascular flora, have naturalized in their nonnative regions (van Kleunen 

et al. 2015). About 5-20% of these have become invasive (e.g. widespread and locally 

abundant; Williamson and Fitter 1996). Given their huge number and potential for negative 

impact (Vilà et al. 2011), prevention and control of invasive species is urgently needed. Yet, 

the initial step, understanding what determines invasion success of alien species, is still 

incomplete. 

Coexistence theory as a framework for invasion ecology 

Two parallel lines were established to study the determinants of invasion success of 

alien species. One focuses on the characteristics of alien species, which is inspired by Herbert 

Baker’s concept of ‘ideal weed’ (Baker’s law). The other emphasizes the characteristics of 

native communities, which stems from Charles Elton’s seminal work (Elton 1958). Both lines 

have provided insights. For example, several traits of alien species, such as selfing ability and 

plant height, have been found to be associated with the introduction–naturalization–invasion 

continuum (Richardson et al. 2000b, Blackburn et al. 2011, Razanajatovo et al. 2016, Divíšek 



 

2 

 

et al. 2018). Several characteristics of native communities, such as species diversity, have 

also been found to partly explain varying patterns of establishment (Levine 2000). 

Alien species, however, are embedded within native communities. Their success or 

failure is an emergent outcome of species interactions, and cannot be simply captured by the 

characteristics of alien species or of native communities separately. Accordingly, many 

experiments have tested interactions between alien and native species in order to achieve a 

better mechanistic understanding of the invasion process. Much of this work has focused on 

the strength of interspecific interactions, that is, the changes in fitness of one species in the 

presence of another (Vilà and Weiner 2004, Liu and Stiling 2006, Kuebbing and Nunez 2016, 

Golivets and Wallin 2018). Nonetheless, strength of interspecific interaction does not 

translate to coexistence of interacting species, especially over long timescales (Aschehoug et 

al. 2016). Moreover, the canonical model developed by Lotka (Lotka 1932) and Volterra 

(Volterra 1926) clearly suggests that coexistence is not only determined by the strength of 

interspecific interaction, but also by intrinsic growth rates of species (growth rates when 

alone) and strength of intraspecific competition (see Fig. 1 in Chapter 1 for an illustration). 

This fundamental concept has been re-emphasized by the Modern Coexistence Theory 

formalized by Peter Chesson (Chesson 1994, 2000), but its empirical application is rare (but 

see Levine and HilleRisLambers 2009 and Godoy et al. 2014 for examples), especially in 

invasion ecology. 

The different processes underlying competition  

Species connect with each other in different ways, such as competition and symbiosis, 

just to name a few. In my thesis, I focus on competition (more specifically, competition 

between plants), as it is a powerful force that affects individual performance, species 
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coexistence and evolution (Gurevitch et al. 1992, Rabosky 2013). Most previous research has 

tested the sum effect of competition (i.e. the overall changes in fitness of one species in the 

presence of another). Although this provides a general picture of how competition affects 

species coexistence, in actuality, competition can occur through three different processes: 

resource competition, interference competition, and apparent competition. Looking into 

specific process could provide a detailed understanding. 

Resource competition occurs when the use of resources (e.g. light, space, or nutrients) 

by one plant depletes the amount available for another. The theory for resource competition 

has been extensively developed since the 1960s (MacArthur and Levins 1967). In addition, 

an increasing number of empirical studies have shown that alien plants tend to have higher 

resource-capture ability than native plants (Daehler 2003, van Kleunen et al. 2010). However, 

the roles of two other processes - interference competition and apparent competition - in 

invasion success are less clear.  

Interference competition occurs direct between individuals, for example during 

territorial displays in animals. In plants, interference competition may be less obvious, 

occurring mainly through allelopathy. Allelopathy is the process by which a plant produces 

biochemicals that affects neighbouring individuals. Allelopathy has been proposed as a 

driving mechanism for success of alien plants since the late 1990s. This was formalized into 

Novel Weapon hypothesis by the seminal work of Callaway and colleagues (Callaway and 

Aschehoug 2000, Callaway et al. 2008). The idea is that through their evolutionary histories, 

alien plants have interacted with different species than the natives and therefore might have 

evolved arsenals of allelochemicals to which the natives not be well adapted to resist. 

However, debates on the importance of ‘novel weapons’ in the invasion process have arisen 

in the last decade. Several studies have argued that the natives may also produce arsenals of 
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allelochemicals to which the aliens are not adapted, and this might provide biotic resistance 

(Cummings et al. 2012, Ning et al. 2016). Currently, whether allelopathy is a general 

mechanism underlying success of alien plants remains unknown. 

 Apparent competition is mediated by higher trophic levels (e.g. predator, herbivore, or 

pathogen), and occurs when the increase in one species leads to an increase in individuals of 

higher trophic levels, which then exert negative pressure on another species (Holt 1977). 

Apparent competition is often overlooked in coexistence of alien and native plants (White et 

al. 2006). This is surprising, given that enemies (e.g. pathogens and herbivores) have been 

long posed as key determinants of invasion success (Keane and Crawley 2002). There are at 

least two reasons that this potentially important mechanism has so far received little attention. 

First, apparent competition is more complex than interaction between two species, because it 

involves three or more species. Second, tracking enemies is difficult, because they are always 

motile (e.g. herbivores) or tiny (e.g. soil microbes). However, coexistence theory can provide 

a framework to study apparent competition. Moreover, with advances in sequencing 

techniques, tracking soil microbes are becoming more and more feasible. The time is ripe for 

studying the importance of apparent competition in coexistence of alien and native plants. 

Contribution of the thesis 

In order to better understand the determinants of invasion success for alien plants, I 

conducted four studies (three experiments and one meta-analysis; Figure 1). I started with the 

smallest unit of interspecific competition, that is, pairs of species (Chapters 1&2), and then 

moved to competition among multispecies (Chapters 3&4). I tested net effect of competition 

(sum of resource competition, allelopathy and apparent competition) in Chapter 1, allelopathy 

in Chapter 2, and soil-microbes-mediated apparent competition in Chapters 3&4. 
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Figure 1 The structure of the thesis. The four chapters focus on different processes of 

competition, that is, resource competition, interference competition and apparent competition. 

In addition, they look into competition between different number of species.  

 

In Chapter 1, I competed 48 pairs of alien and native plants. To better understand 

invasion success, I compared aliens that were either common (more successful) or rare (less 

successful) in their naturalized ranges to common and rare native species. By parameterizing 

a classical competition model with the data, I tested (1) whether the three theoretically 

justified determinants of competitive outcomes – intrinsic growth rates, intra- and 

interspecific competition coefficients – were related to origin and commonness. Then, I tested 

(2) whether alien species are more competitive than native species (i.e. competitive 

outcomes), and (3) whether the competitive outcomes were related to commonness of alien 

and native species. 

In Chapter 2, I conducted a meta-analysis of 386 experiments that measured allelopathic 

effects of one species on another species or itself. I tested (1) whether allelopathy was overall 
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positive or negative, and (2) whether alien plants, when compared with natives, had more 

negative effects through allelopathy or were less sensitive to alleloapthy. 

In Chapter 3, I moved from interactions between pairs of species to interactions among 

three plant species, and studied soil-microbes-mediated competition. Specifically, I first 

conditioned soil with one of ten species (six natives and four aliens) or, as a control, without 

plants. With this step, the plants modified the soil microbes, through which they affect later 

plants. Then, on the conditioned soil, five alien and five native test species were grown 

without competition, and with intraspecific or interspecific competition, using all pairwise 

alien-native combinations. I also analyzed differences in the microbial communities of the 

conditioned soils. I asked: (1) Does a third species (i.e. a soil-conditioning species) affect the 

competitive outcome between alien and native test species through soil-microbes-mediated 

competition, and does the origin (native or alien) of the third species matter? (2) If so, does 

the third species affect competitive outcomes through direct effects on growth of the test 

species, or through effects on the strength of competition? (3) Do differences in the 

composition of soil microbial communities among the conditioned soils explain the effects of 

microbes on competition between alien and native species? 

In Chapter 4, I test the effect of species diversity on soil-microbes-mediated competition. 

I first conditioned soil with one of five native species. Then, I mixed soil samples from one, 

two or four native species, and grew alien species on the soil mixture. I asked whether 

through soil-microbes-mediated competition, species-rich communities are more resistant to 

alien invaders than species-poor communities.  
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Chapter 1 Common alien plants are more competitive than rare 

natives but not than common natives 

Zhijie Zhang, Mark van Kleunen 

Ecology letters, DOI: 10.1111/ele.13320 

 

Abstract 

Success of alien plants is often attributed to high competitive ability. However, not all 

aliens become dominant, and not all natives are vulnerable to competitive exclusion. Here, 

we quantified competitive outcomes and their determinants, using response-surface 

experiments, in 48 pairs of native and naturalized alien annuals that are common or rare in 

Germany. Overall, aliens were not more competitive than natives. However, common aliens 

(invasive) were, despite strong limitation by intraspecific competition, more competitive than 

rare natives. This is because alien species had higher intrinsic growth rates than natives, and 

common species had higher intrinsic growth rates than rare ones. Strength of interspecific 

competition was not related to status or commonness. Our work highlights the importance of 

including commonness in understanding invasion success. It suggests that variation among 

species in intrinsic growth rates is more important in competitive outcomes than inter- or 

intraspecific competition, and thus contributes to invasion success and rarity. 

 

Keywords: annual plants, intra- and interspecific competition, Modern Coexistence Theory, 

niche, plant invasion, rarity  
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Introduction 

Over 13,000 plant species have established self-sustaining populations outside their 

natural ranges (van Kleunen et al. 2015, Pyšek et al. 2017), and the rise in the number of 

these alien species shows no sign of saturation (Seebens et al. 2017). Concerns over the 

impact of alien species (Vilà et al. 2011) have stimulated considerable interest in finding out 

what determines invasion success (van Kleunen et al. 2018). A primary hypothesis is that 

alien plant species are more competitive than native species (Baker 1965). Three meta-

analyses on hundreds of experiments support this hypothesis (Vilà and Weiner 2004, 

Kuebbing and Nunez 2016, Golivets and Wallin 2018). However, not all alien species 

become dominant (Williamson and Fitter 1996), and not all native species are vulnerable to 

competitive exclusion (Levine et al. 2004). It is indeed debated whether common alien 

species, which are usually considered to be invasive, and common native species are 

successful because they follow the same rules and have similar characteristics (Jeschke and 

Strayer 2008, Thompson and Davis 2011, van Kleunen et al. 2011), such as a high resource-

capture ability. In addition, results of previous studies on competition between alien and 

native species may be biased towards using common alien species (Hulme et al. 2013) and 

rare native species (Vilà and Weiner 2004). Rigorous tests on competition between alien and 

native species that include both rare and common species are thus crucial to understanding 

determinants of invasion success and rarity (van Kleunen et al. 2011). 

Quantifying competitive ability of species is challenging. So far, there are more than 50 

indices (Weigelt and Jolliffe 2003), which fall into two main categories: competition 

outcomes and strength of interspecific competition (Gibson et al. 1999). Competition 

outcomes, the first category, refer to which species will exclude or dominate over other 

species at the end point for the community. Most experiments inferred competitive outcomes 
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from short-term studies (Aschehoug et al. 2016) or were restricted to a limited number of 

densities of competing species (Inouye 2001), which are unlikely to mimic real community 

dynamics (Hart et al. 2012). As a result, we might not be able to adequately extrapolate 

competitive outcomes between alien and native species from most previous studies. 

The strength of interspecific competition, the other category, refers to the ability of 

species to tolerate and suppress other species. It is often used as a surrogate for competitive 

outcomes (Gibson et al. 1999). For example, Golivets and Wallin (2018), and Kuebbing and 

Nunez (2016) made syntheses of studies on the strength of interspecific competition. They 

concluded that alien species were more competitive than native species. Although the 

strength of interspecific competition is an important determinant of competitive outcomes, 

the two measures are not equivalent (Gibson et al. 1999, Aschehoug et al. 2016). Theoretical 

models suggest that species could become competitive through two other determinants: high 

intrinsic growth rates (i.e. growth rates in the absence of competition) and weak intraspecific 

competition (Chesson 2000; Hart et al. 2018; see Fig. 1 for hypothetical examples) . 

Empirical support for this comes from a classic example of biological invasion: the Argentine 

ant (Linepithema humile). Individuals of this species do not appear to exert stronger 

interspecific competition compared to native ants (Holway 1999). Nonetheless, loss of 

intraspecific competition increased population sizes of the Argentine ant and thus their 

competitive effect on native ants (Holway et al. 1998). However, few studies have examined 

the relative importance of the three determinants of competitive outcomes (intrinsic growth 

rates, intra- and interspecific competition; Godoy et al. 2014; Godoy & Levine 2014; Chu & 

Adler 2015) . Moreover, we are not aware of any study considering these three determinants 

in combination with status (i.e. alien or native) and commonness of the interacting species. 



 

10 

 

 

Figure 1 Three hypothetical examples illustrating the relationship between competitive 

outcome and its three determinants – intrinsic growth rate, and strength of intra- and 

interspecific competition. In example (a), species 1 and species 2 have the same intrinsic 

growth rates, represented by the same sizes of the two species without competition. When in 

interspecific competition with each other, species 1 is unaffected, and species 2 has a 50% 

reduction in fitness. In this situation, the competitive outcome is that species 1 has a higher 

fitness than species 2 when grown together (i.e. species 1 is more competitive). In example 

(b), species 3 has twice the intrinsic growth rate of species 1, and when grown in interspecific 

competition with species 1 has a 25% reduction in fitness. In this situation, species 1 is less 

competitive than species 3. In example (c), we include intraspecific competition. Species 4 

and species 1 have the same intrinsic growth rates, and are both unaffected by interspecific 

competition. However, when grown with intraspecific competition, species 1 is unaffected, 

whereas species 4 has a 50% reduction in fitness. In this situation, species 1 is more 

competitive than species 4. Therefore, competitive outcomes might not always be well 

predicted by the strength of interspecific competition (i.e. arrows in examples a&b). 
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Here, we conducted an experiment with a total of 17 alien (n=9) and native (n=8) annual 

species that are either common (n=10) or rare (n=7) in Germany. We described competition 

between 48 pairs of these alien and native species by growing 19,600 individuals in a 

response-surface design (Inouye 2001) in which we varied the density of both species of a 

pair independently. By parameterizing a classical competition model with our data, we tested 

(1) whether the three theoretically justified determinants of competitive outcomes – intrinsic 

growth rates, intra- and interspecific competition coefficients – were related to status and 

commonness. Then, we tested (2) whether alien species are more competitive than native 

species (i.e. competitive outcomes), and (3) whether the competitive outcomes were related 

to commonness of alien and native species.  
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Materials and Methods 

Study species 

To increase our ability to generalize the results (van Kleunen et al. 2014), we initially 

selected 21 annual plant species that are either native or alien in Germany. We used annual 

species because they have short and simple life cycles that can be reasonably described by 

classical competition models (Levine and HilleRisLambers 2009). Those 21 species 

represented four confamilial groups, each of which, ideally, included at least one common 

native species, one rare native species, one common alien species and one rare alien species. 

Because all species (except Cotula coronopifolia) mainly occur in grasslands and overlap in 

their distributions according to the FloraWeb database (Bundesamt für Naturschutz 2003), 

they are likely to interact with each other in nature. All alien species, including the rare ones, 

are naturalized (sensu Richardson et al. 2000) in Germany. We selected confamilial groups to 

control for phylogenetic correlations among species. However, due to difficulties in obtaining 

seeds and insufficient germination of some species, we could use only 17 of the 21 species 

(Table S1).  

As commonness (or rarity) has multiple dimensions (Rabinowitz 1981), we selected 

species as being either common or rare based on two dimensions: occupancy frequency and 

local abundance level (Fig. S1; Table S1). Specifically, we assigned a species as common if it 

is widespread in Germany and is locally abundant, and as rare if it is not widespread in 

Germany and is not locally abundant. For the criterion of occupancy frequency, we used the 

range size of the species in Germany (calculated as the number of 130-km2 grid cells 

occupied by the species, which was extracted from the FloraWeb database). We assigned a 

species as widespread if it occupies more than 500 out of all grid cells (i.e. 3000) in Germany. 
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For the criterion of local abundance level, we assigned a species as abundant if it can form 

large groups (data extracted from the FloraWeb). It should be noted that the median number 

of grid cells of the rare and common species differed by more than one order of magnitude 

(108 vs 1653 grid cells). So, they are quite different. Moreover, the most widespread rare 

species, Bromus japonicus, often occurs as isolated individuals, whereas the least widespread 

common species, Vulpia bromoides, often occurs in large groups. So, even though these two 

species were the most similar in occupancy frequency, they differed strongly in abundance 

level. 

While we use here the terms common and rare as this applies both to native and alien 

species, the common alien species can be considered as invasive alien species, and the rare 

alien species as non-invasive alien species. Still, there are multiple definitions of invasive 

species. Richardson et al. (2000b) and Blackburn et al. (2011) proposed that invasive alien 

species need to overcome the barrier to spread in the landscape. The Convention on 

Biological Diversity (CBD 2000) and Levine et al. (2004), on the other hand, proposed that 

invasive alien species have negative impacts on other species. However, it is likely that a 

widespread and locally abundant species has a rapid spread rate and has negative impact, 

therefore, occupancy frequency and abundance level are important demographic dimension 

of invasiveness (Catford et al. 2016, van Kleunen et al. 2018). 
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Experimental set-up 

     

Figure 2 Graphical illustration (a) and an example (b) of the response-surface design used for 

each pair of alien and native plant species. Each pair is grown in 20 density-frequency 

combinations. Aboveground biomass was measured for each individual separately. The 

example (b) shows the pair of the common alien Bidens frondosa and the rare native Filago 

pyramidata. 

The experiment, except the seed germination, took place outdoors in the botanical 

garden of the University of Konstanz, Germany (47°41’31” N, 9°10’44” E; 460 meters above 

sea level). On 5 or 12 June 2017, we sowed the 17 species separately into plastic trays filled 

with potting soil (Topferde@, Einheitserde Co., Germany). To ensure that the different 

species were in similar developmental stages at the beginning of the experiment, we sowed 

the species at different times (Table S1), according to their germination speed known from 

previous (pilot) experiments. We then placed the trays with seeds in a greenhouse under 

natural light condition, with a temperature between 18 and 25°C.  

Based on the numbers of available seedlings, we used the 17 species to make 48 pairs to 

study pairwise competition between the alien and native plant species (Table S2). For each 

alien–native species pair, we transplanted the seedlings according to a response-surface 
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experimental design (Inouye 2001), in which we had 20 different density combinations, such 

that the total density ranged from 4 via 8 and 12 to 16 plants per pot, and the frequency of 

each species from 0 via 0.25, 0.5 and 0.75 to 1 (Fig. 2). Response-surface designs mimic the 

dynamics of species populations across space and time (Hart et al. 2012) and allow more 

accurate parameterization of mathematical models of competition than other designs, such as 

additive and substitution designs (Inouye 2001). Despite their various advantages, response-

surface designs have been relatively little used (van Kleunen et al. 2006, Hart et al. 2012), 

because they are more labour intensive than other competition designs.  

From 26 to 30 June 2017, we transplanted the seedlings, according to the design 

described above, into 3-L plastic pots (16 × 16 × 12 cm) filled with potting soil (Topferde@). 

For individuals in bicultures, we arranged the two species in interspersed patterns (Fig. 2) to 

reduce the effect of intraspecific aggregation (Stoll and Prati 2001). We replicated each 

density combination per pair of species twice, which resulted in a total of 1960 pots and 

19,600 individuals. All pots were placed on plastic dishes to preserve water, and were 

separated by leaving 10 cm between pots to reduce interference. We replaced seedlings that 

died within two weeks after transplanting by new ones. We randomized the blocks (i.e. pairs) 

and pots within the blocks twice, once on 30 June 2017 and once on 14 August 2017. The 

plants were watered twice in 2018 summer to avoid severe drought stress. 

Measurements 

From 25 to 29 September 2017, we harvested half of the experiment (i.e. one of the two 

replicates). Aboveground biomass of each individual was harvested separately, dried at 70°C 

to constant weight, and weighed to the nearest milligram. The other half of the experiment, 

we kept in the garden to measure the number of recruited offspring in the following year. We 

prevented seed dispersal by installing an open-top enclosure in each pot. The enclosure was 
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made of white fabric and 50 cm tall, and reduced ambient light by c. 30%. From 7 August to 

5 September 2017 and for each pair of species, we installed enclosures for all pots when one 

or more individuals in that pair had started to fruit. We removed all enclosures in April 2018, 

and counted the number of recruits in each pot from 20 to 28 September 2018. 

Statistical analyses 

Intrinsic growth rates and competition coefficients 

To describe competition between alien and native species in each pair, we fitted our data 

on aboveground biomass of individual plants to the following model: 

ln(𝐵𝑖,𝑡) = ln(𝜆𝑖) − 𝛼𝑖𝑖𝑁𝑖,𝑡 − 𝛼𝑖𝑗𝑁𝑗,𝑡         

This is a linearized version (by taking the natural log of both sides of the equation) of a 

modified Ricker competition model (Ricker 1954).  

We chose the Ricker model because it has been widely used to link empirical data and 

theory, and its properties are well understood (Inouye 2001, Hart et al. 2012). In the equation, 

𝐵𝑖,𝑡 is the individual aboveground biomass of species i in year t. 𝑁𝑖,𝑡 and 𝑁𝑗,𝑡 are the number 

of individuals of species i and j in year t, respectively. 𝜆𝑖  is the intrinsic growth rate of 

species i, 𝛼𝑖𝑖 describes the per capita effect of species i on itself (i.e. it is the intraspecific 

competition coefficient), and 𝛼𝑖𝑗 describes the per capita effect of species j on species i (i.e. 

the interspecific competition coefficient). Positive values of competition coefficients indicate 

competition among individuals, and negative values indicate facilitation. Therefore, 𝐵𝑖,𝑡  is 

affected by the number of conspecific and heterospecific competitors (i.e. 𝛼𝑖𝑖𝑁𝑖,𝑡 and 𝛼𝑖𝑗𝑁𝑗,𝑡), 

and equals 𝜆𝑖 in the absence of competition.  
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We used a linear mixed-effects model to fit the equation for each species per pair. We 

included the number of conspecific competitors and the number of heterospecific competitors 

as fixed effects, and pot as random effect to account for the non-independence of individuals 

in the same pot. We used number of individuals at the end of the growing season of year t 

rather than that at the beginning of the growing season. This is because most mortality 

happened early in the experiment. However, analyses using the number of individuals at the 

beginning of the growing season showed similar results (Table S3). This indicated that 

density-dependent mortality was not as important as growth in our experiment. 

Ideally, 𝐵𝑖,𝑡 should be 
𝑁𝑖,𝑡+1

𝑁𝑖,𝑡
, the per capita population growth rate from one year to the 

next based on the number of recruits. However, it is usually difficult to link competition 

models with experimental data. In our experiment, only 8 out of the 17 species consistently 

had recruits in the second year, which limited our ability to generate sufficient intrinsic 

growth rates and competition coefficients from the offspring recruitment data. Therefore, we 

used aboveground biomass of each individual at the end of the growing season (i.e. after 

three months of growth) instead. This means that the estimated intrinsic growth rates and 

competition coefficients are sensitive to the relationship between number of recruits and 

aboveground biomass. However, for the species with recruits, we found that the relationship 

between number of recruits and aboveground biomass was positively linear and not affected 

by status or commonness. We therefore believe that our estimates of intrinsic growth rate, 

intra- and interspecific competition, based on biomass data, are robust (Supplement S1). 

To test whether intrinsic growth rates and intraspecific competition coefficients were 

related to status and commonness, we used linear mixed-effects models. The models treated 

status of target species (i.e. status of species i), commonness of target species, and their 

interaction as fixed effects, and species (nested within family) of target species, and identity 
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of species pair (e.g. the alien species Bidens frondosa and the native species Brassica nigra 

formed the first pair in our study) as random effects. We did not include the information of 

competitor species (i.e. species j) as fixed or random effect, because we assumed that 

intrinsic growth rates and intraspecific competition were only determined by the target 

species itself. To test whether interspecific competition coefficients were related to status and 

commonness, we used another linear mixed-effects model. The model treated status of target 

species, commonness of target and competitor species, and their interactions as fixed effects, 

and species of target and competitor species (each nested within family), and identity of pair 

as random effects. In these models, we included the inverse of the variance as weight, such 

that fitted parameters with larger variance would have less weight on the results.  

Competitive ability 

We tested competitive outcomes between alien and native plants with two different 

methods. One is based on population-level aboveground biomass (see below). The other is 

based on fitness differences sensu Chesson (Chesson 2000, Saavedra et al. 2017, Hart et al. 

2018), which offers a long-term theoretical prediction. Because the intrinsic growth rates in 

our study are not based on recruitment data, we could only measure fitness difference 

qualitatively, rather than quantitatively (see Supplement S2 for detailed explanation). 

Nevertheless, the results based on fitness differences are similar to those based on population-

level aboveground biomass. Therefore, we focus in the manuscript on the results based on 

population-level aboveground biomass, but we include the results of the fitness differences in 

Supplement S2. 

We calculated ln𝑅𝑅𝑘, the competitive outcome between alien and native plants in each 

of the biculture pots (k) as: 
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ln𝑅𝑅𝑘 = ln(𝑇𝐵𝑘_𝑎) − ln(𝑇𝐵𝑘_𝑛) 

where 𝑇𝐵𝑘_𝑎 and 𝑇𝐵𝑘_𝑛 are the total aboveground biomass of alien and native species, 

respectively, in the biculture pot k. Positive values of ln𝑅𝑅𝑘 indicate that alien species had 

higher biomass than native species in biculture k, and negative values indicate the opposite. 

Then, for each pair of species, we used a linear model with ln𝑅𝑅𝑘 as the response variable 

and an intercept as the only explanatory variable. Therefore, a positive value of the intercept 

fitted for a pair indicates that, on average, the alien species in that pair had higher biomass 

than the native species across a wide range of density combinations (i.e. the alien species are 

more competitive than the native species), and a negative value of the intercept indicates the 

opposite. 

Finally, to test competitive outcomes between alien and native species (i.e. intercepts 

fitted above for the 48 pairs), and whether competitive outcomes were explained by 

commonness of alien and native species, we used a linear mixed-effects model. The model 

treated commonness of alien and native species, and their interaction as fixed effects, and 

species (nested within family) of alien and native species as random effects. We also included 

the inverse of the variance of the competitive outcomes as weight.  

All analyses were conducted in R 3.4.0 (R Core Team 2019) with the lme4 package 

(Bates et al. 2015). Results were plotted with the plot function. To evaluate model variation 

explained by fixed effects, we used the r2glmm package (Jaeger et al. 2017). We assessed the 

significance of fixed effects with likelihood-ratio tests by comparing models with and without 

the effect of interest.  
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Results 

Intrinsic growth rates, and intra- and interspecific competition coefficients 

Alien species had significantly higher intrinsic growth rates (i.e. aboveground biomass 

in absence of competition) than native species (Fig. 3a; Table 1; χ2 = 8.812, P = 0.003). 

Moreover, common species had significantly higher intrinsic growth rates than rare species 

(Fig. 3a; Table 1; χ2 = 6.174, P = 0.013). Intrinsic growth rates were not significantly affected 

by the interaction between commonness and status (Fig. 3a; Table 1).  

Overall, intra- and interspecific competition coefficients (𝛼𝑖𝑖 and 𝛼𝑖𝑗) were positive (Fig. 

3b,c), which indicates that both the intra- and interspecific interactions were competitive and 

not facilitative. Alien species experienced significantly stronger intraspecific competition 

than native species (Fig. 3b; Table 1; χ2 = 4.943, P = 0.026). Although common and rare 

species on average did not differ in strength of intraspecific competition, we found a 

significant interaction between status and commonness (Fig. 3b; Table 1; χ2 = 4.095, P = 

0.043). For alien species, the common ones experienced stronger intraspecific competition 

than the rare ones, whereas for native species the reverse was true (Fig. 3b). 

Alien species tended to experience weaker interspecific competition from native species 

than native species did from alien species (Fig. 3c). However, this difference was not 

statistically significant (Table 1; χ2 = 1.975, P = 0.160). None of the other factors 

significantly affected the strength of interspecific competition (Table 1).  

Intraspecific competition was stronger than interspecific competition (Fig. 3b, c; 

Supplement S3). This difference in strength between intra- and interspecific competition was 

larger in alien species than in native species (Fig. S6). For alien species, this difference was 

larger in common than in rare ones, whereas for native species the reverse was true (Fig. S6). 
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We also found that status and commonness of species explained only a small amount of 

variation in intra- or interspecific competition, whereas they explained a large amount of 

variation in intrinsic growth rates (𝑅∑
2  in Table 1). 

 

 

Figure 3 Mean intrinsic growth rates (a, 𝜆𝑖), and intra- and interspecific competition 

coefficients (b, 𝛼𝑖𝑖 ; c, 𝛼𝑖𝑗 ) for common and rare alien and native plant species. Positive 

values of 𝛼𝑖𝑖 and 𝛼𝑖𝑗 indicate competitive interactions. Error bars represent 95% confidence 

intervals. Intrinsic growth rates (𝜆𝑖), whose unit is milligram, was natural log-transformed.  
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Table 1 Effects of status of target species (i.e. native or alien), commonness of target (and 

competitor) species, and their interaction on intrinsic growth rates (𝜆𝑖 ), and intra- and 

interspecific competition coefficients (𝛼𝑖𝑖 and 𝛼𝑖𝑗). Significant (P < 0.05) effects are in bold. 

 

For 𝜆𝑖 and 𝛼𝑖𝑖, information of competitor (i.e. species j) was not included in the model, because 

we assumed that 𝜆𝑖 and 𝛼𝑖𝑖 were only determined by the target species per se. 

  

  𝜆𝑖 
  

𝛼𝑖𝑖 
  

𝛼𝑖𝑗 

 
  χ2  P   χ2  P   χ2  P 

Status (S) 8.812 0.003 

 

4.943 0.026 

 

1.975 0.160 

Commonness of target (Ci) 6.174 0.013 

 

0.405 0.525 

 

0.054 0.817 

S × Ci 1.370 0.242 

 

4.095 0.043 

 

0.452 0.502 

Commonness of competitor (Cj) - - 

 

- - 

 

0.709 0.400 

S × Cj - - 

 

- - 

 

0.042 0.837 

Ci × Cj - - 

 

- - 

 

0.625 0.429 

S × Ci × Cj - - 

 

- - 

 

0.003 0.956 

Random effects SD 

  

SD 

  

SD 

 Pair 0.193 

  

0.005 

  

0.005 

 Species of target (nested in family) 0.533 

  

0.002 

  

0.002 

 Family of target 0.398 

  

0.000 

  

0.000 

 Species of competitor (nested in family) - 

  

- 

  

0.017 

 Family of competitor - 

  

- 

  

0.000 

 Residual 0.465     0.381     0.367 

 variation explained by fixed effects,𝑅∑
2  43.9%   6.7%   3.0%  
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Competitive ability 

We found that when growing together, alien species overall tended to have higher 

biomass than native species across the different density combinations (Fig. 4). However, this 

difference was not statistically significant (Table 2; χ2 = 2.085, P = 0.149). Overall, the 

competitive outcome was more in favour of the alien species when the alien was common 

(Table 2; χ2 = 3.608, P = 0.058), and less in the alien’s favour when the native was common 

(Table 2; χ2 = 3.450, P = 0.063). As a consequence, common alien species had higher 

biomasses than rare natives, but similar biomasses as common natives (Fig. 4). This indicates 

that common aliens were more competitive than rare natives. The same pattern was found for 

rare alien species competing with common and rare natives, but with a smaller magnitude of 

the differences (Fig. 4). In addition, we found that the higher competitive ability of common 

alien species over rare natives is mainly driven by intrinsic growth rate rather than by 

competition coefficients (Supplement S2). 
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Figure 4 Mean values of competitive outcomes between alien and native plant species (i.e. 

mean Ln𝑅𝑅𝑘  values) and their relationship with commonness of alien and native species. 

Positive values of competitive outcomes indicate that alien species have a higher biomass 

than the native species they are growing with across a wide range of density combinations. 

Error bars represent 95% confidence intervals. The asterisk (*) indicates that common alien 

species are significantly more competitive (i.e. dominate in bicultures) than rare native 

species. Numbers in parentheses indicate sample sizes (i.e. number of species pairs) for four 

categories. 
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Table 2 Effects of commonness of alien species, commonness of native species and their 

interaction on competitive outcomes (i.e. which species have higher aboveground biomass in 

bicultures across different density combinations). Significant differences were not found. 

Marginally significant (0.05 ≤ P < 0.1) effects are shown in italics. 

                            χ2  P 

Intercepta                2.085 0.149 

Commonness of alien (Ca)    3.608 0.058 

Commonness of native (Cn) 3.545 0.063 

Ca × Cn 0.043 0.835 

Random effects 

  Species of alien (nested in family) 0.263 

 Family of alien 0.810 

 Species of native (nested in family) 0.847 

 Family of native 0.000 

 Residual 0.360   

variation explained by fixed effects,𝑅∑
2  36.4%  

a The intercept term indicates the competitive outcome between alien and native species 

irrespective of commonness. 
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Discussion 

We found that alien plant species did not achieve higher aboveground biomass when 

growing with native species. This indicates that alien and native species overall did not differ 

markedly in their competitive abilities. However, common alien species were more 

competitive than rare natives. For the three determinants of competitive outcomes (i.e. 

competitive ability), we found that, although common alien species experienced stronger 

intraspecific competition than native species, alien and common species had higher intrinsic 

growth rates (i.e. growth rates in absence of competition) than native and rare species, 

respectively. Finally, the strength of interspecific competition was not related to status or 

commonness of the species. So, our results suggest that although alien and native plant 

species do not generally differ in competitive abilities, the common aliens have a higher 

competitive ability than the rare natives, mostly due to higher intrinsic growth rates. 

Competitive abilities of alien and native plant species 

On average, alien species were not more competitive than native species. Therefore, our 

results contradict those of two recent meta-analyses which found that alien species were more 

competitive than native species (Kuebbing and Nunez 2016, Golivets and Wallin 2018). 

However, in the two meta-analyses, approximately 90% of the alien species were invasive 

plants. Therefore, the meta-analyses likely revealed the high competitive ability of invasive 

plants, rather than of alien plants in general (Guerin et al. 2017). In line with this, we found 

that common alien species, which can be considered as invasive species, were more 

competitive than rare natives. This highlights the importance of including commonness or 

alien and native species in studies aiming to understand invasion success. Moreover, the two 

meta-analyses did not measure competitive ability directly. Instead, they used the strength of 
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interspecific competition as a surrogate. This might be insufficient, because competitive 

ability also depends on two other determinants: the strength of intraspecific competition and 

intrinsic growth rates. Neither of these two determinants was directly measured in the two 

meta-analyses. Our study, by measuring competitive ability empirically (Fig. 4) and 

theoretically (Supplement S2), provides a robust test for differences in competitive ability. 

It is also worth noting that rare alien species were as competitive as common natives, 

and tended to be more competitive than rare natives. Therefore, rare alien species also have 

the potential to exclude rare native species, which implies that more alien species might 

become dominant in the future, particularly if natives suffer more from climate change than 

aliens do (Haeuser et al. 2017, Haeuser et al. 2018). The higher competitiveness of rare alien 

species compared to rare natives can be due to several reasons. First, all alien species used in 

our study are naturalized alien ones, which is a small proportion (usually 5 – 20%; 

Williamson & Fitter 1996) of introduced alien species. Therefore, even those rare alien 

species might not be a random sample of the global flora. Second, alien species are likely to 

be released from their natural enemies (Keane and Crawley 2002, Chun et al. 2010). If this 

enemy release hypothesis holds for rare alien species, they can gain advantages over rare 

native species. 

Alien species can only become common if they have had sufficient time to reproduce 

and spread in the landscape. Therefore, it could be that some of the rare alien species are not 

dominant yet because they were introduced only recently. However, this is likely not the case 

in our study system, because the common and rare alien species did not differ in their 

residence time (Supplement S4). Furthermore, adding residence time as a covariate in our 

models did not significantly affect the differences in competitive ability between alien and 

native species (Supplement S4). Therefore, we speculate that the common alien species 
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became abundant and widespread because they have stronger competitive abilities and 

consequently rapid spread rates.  

Three determinants of competitive ability 

We found that alien and common species had higher intrinsic growth rates than native 

and alien species, respectively. This is in line with the results of a meta-analysis (van 

Kleunen et al. 2010) and an empirical study that considers both commonness and status 

(Dawson et al. 2012). Our finding suggests that naturalized alien and common species, at 

least for annual species, have a fast life history (i.e. are r-selected; Pianka 1970), such that 

they could quickly achieve massive populations when they arrive in non-competitive 

environments (Rejmánek and Richardson 1996). In addition, high intrinsic growth rates of 

alien species, especially for common aliens, could provide rapid recovery from disturbance 

(Haddad et al. 2008). Overall, this would explain the frequent association between invasion 

success and disturbance (Davis et al. 2000), and the observation that anthropogenic 

environments are the major donors of naturalized alien species (Kalusová et al. 2017). 

In contrast to the results of two recent meta-analyses, which found that alien species 

experienced weaker interspecific competition than native species (Kuebbing and Nunez 2016, 

Golivets and Wallin 2018), we found no significant difference in interspecific competition 

experienced by native and alien species. Possibly, although we measured interspecific 

competition with a more accurate approach (i.e. response-surface design) and used an 

unprecedented large number of species pairs (48), the number is still lower than the numbers 

of species pairs used in the two meta-analyses mentioned above, and we thus had a lower 

statistical power. On the other hand, the two meta-analyses included both annual and 

perennial species, whereas we only used annuals. Because perennial species live longer, they 

may compete with other species more often than annuals do. If that is the case, a better ability 
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to tolerate or suppress other species might make it easier for perennial alien species to persist 

and to exclude natives.  

Interestingly, alien species, especially the common ones, experienced stronger 

intraspecific competition than native species. Together with our finding that intraspecific 

competition was greater than interspecific competition (which indicates niche differences 

sensu Chesson 2000; Supplement S3), common alien species should be disadvantaged by 

severe intraspecific competition when they become dominant in communities. Although this 

is true, intrinsic growth rates were high enough to ensure that common aliens could dominate 

in our experimental mesocosms. This illustrates that for a proper prediction of competitive 

outcomes, one requires data on the combination of intrinsic growth rates, intra- and 

interspecific competition. The reason why common alien species experience strong 

intraspecific competition is not known. However, we speculate it might arise from a growth – 

intraspecific competition trade-off. For example, species with large sizes would experience 

severe light competition due to crowding in monoculture. This trade-off is supported by a 

recent study (Dostál et al. 2019), but still rarely tested and deserves further investigation. 

Potential limitations and future directions 

We performed our experiment outdoors in order to have more natural conditions. 

However, we grew the plants on a relatively nutrient-rich commercial potting soil. This could 

potentially have biased our results. A high nutrient level of the potting soil can turn 

competition for multiple nutrients into competition for light (Hautier et al. 2009), which is 

one-dimensional and thereby leads to competitive exclusion more easily. Therefore, in nature, 

common alien species might not always exclude rare native species if multiple nutrients are 

limited. Ideally, one would therefore do competition experiments under a range of different 

nutrient conditions. Moreover, although we chose relatively large pots (3L), they are still 
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likely to have limited root growth, particularly of large plant species (Poorter et al. 2012). 

Given that in our experiment common alien species were found to be larger than rare native 

species, the common alien ones might have suffered more from root limitation. So, it could 

be that in nature, common alien species might be released from root growth limitation and 

thereby become even more competitive than the rare natives.  

It should be noted that only small amounts of variation in the intra- and interspecific 

competition coefficients were explained by the status and commonness of the species (Table 

1). Of the random factors in the models analysing the competition coefficients, the variance 

components related to the identities of the species were also relatively small, whereas the 

variance component of the residuals were large. This may indicate that other factors, such as 

intraspecific variability and environmental stochasticity, can strongly affect the magnitude 

and direction of intra- and interspecific competition coefficients.  

Conclusions 

We demonstrated that naturalized alien plant species were not more competitive than 

native species after accounting for the effect of commonness. However, common alien 

species were more competitive than rare native species, and this might be an important cause 

of loss of rare native species. More importantly, our results suggest that, although high 

intrinsic growth rates would sometimes come at the cost of strong intraspecific competition, 

they are the major driver of high competitive ability of common alien species, and thus might 

play an essential role in both invasion success and rarity. Finally, most pairwise competition 

experiments aimed to determine the strength of interspecific competition (Kuebbing and 

Nunez 2016, Golivets and Wallin 2018), which is insufficient to predict competitive 

outcomes as suggested by our results. Therefore, experiments examining intrinsic growth 
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rates and intraspecific competition are urgently needed if we are to predict coexistence 

between native and alien species more definitively. 
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Supplementary materials  

 

Figure S1 The position of the 17 annual study species at the two dimensions of commonness. 

The x-axis shows the number of grid cells occupied and the y-axis shows the abundance level 

(see table S1 for details). The vertical dashed line represents the threshold for widespread 

species and the horizontal dashed line represent the threshold for abundant species. We 

assigned a species as common (circles in figure) if it can locally form large populations and 

occurs in more than 500 grid cells, and as rare (triangles in figure) if it can only form small 

populations and occurs in fewer than 500 grid cells. See Table S1 for the full names of the 

species.  
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Table S1 The 17 annual species included in the study.  

Species Abbreviation Family Commonness Status Dominancea Gridb Sowing date Recruitc 

Diplotaxis muralis. Dip.mur Brassicaceae common alien 4 994 June 5, 2017 0 

Brassica nigra Bra.nig Brassicaceae common native 4 667 June 5, 2017 0 

Hirschfeldia incana Hir.inc Brassicaceae rare alien 2 167 June 5, 2017 0 

Erysimum repandum Ery.rep Brassicaceae rare native 2 209 June 12, 2017 0 

Bidens frondosa  Bid.fro Compositae common alien 4 1766 June 5, 2017 1 

Galinsoga parviflora  Gal.par Compositae common alien 4 2542 June 5, 2017 1 

Bidens tripartite Bid.tri Compositae common native 6 2706 June 5, 2017 1 

Gnaphalium uliginosum Gna.uli Compositae common native 4 2845 June 12, 2017 0 

Filago pyramidata  Fil.pyr Compositae rare native 2 44 June 12, 2017 0 

Veronica persica Poir. Ver.per Plantaginaceae common alien 5 2863 June 5, 2017 0 

Cotula coronopifolia.d Cot.cor Poaceae rare alien 2 108 June 12, 2017 0 

Eragrostis minor Era.min Poaceae common alien 4 1488 June 5, 2017 1 

Vulpia bromoides  Vul.bro Poaceae common native 5 580 June 5, 2017 0 

Vulpia myuros Vul.myu Poaceae common native 5 1540 June 5, 2017 1 

Tragus racemosus  Tra.rac Poaceae rare alien 2 23 June 5, 2017 1 

Bromus japonicas Bro.jap Poaceae rare alien 2 355 June 5, 2017 1 

Phleum arenarium Phl.are Poaceae rare native 2 63 June 5, 2017 0 



 

34 

 

a Dominance is based on a scoring system by FloraWeb database (http://www.floraweb.de/) and has nine levels: 1) few isolated individuals, 2) mostly as 

isolated individuals and sometimes in small groups, 3) mostly in small groups and sometimes as single individuals, 4) in small to large groups), 5) in large 

groups but rarely stand-forming, 6) in large groups and sometimes stand-forming, 7) often stand-forming or in large groups, 8) mostly stand-forming, 9) 

always stand-forming. We classified levels 1-3 as low dominance, and 4-9 as high dominance. 

b the number of ~130-km2 grid cells occupied in Germany out of a maximum of 3000 grid cells (FloraWeb). 

c Species that had recruit in only a few pots were coded as 0, and otherwise as 1. 

d Cotula coronopifolia mainly occurs in salt marsh, and thus is less likely co-occur with the other species, which mainly occur in grasslands. However, 

excluding data of C. coronopifolia did not significantly affect the results.   
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Table S2 A matrix showing the 48 pairs of alien and native species included in the 

current study. Grey cells indicate pairs included, and empty cells indicate pairs not 

included due to limited availability of seedlings. See Table S1 for the full names of 

the species.  

 

Common aliens Rare aliens 
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Table S3 Effects of status of target species (i.e. native or alien), commonness of 

target (and competitor) species, and their interaction on intrinsic growth rates (𝜆𝑖), and 

intra- and interspecific competition coefficients (𝛼𝑖𝑖 and 𝛼𝑖𝑗). Significant (P < 0.05) 

effects are in bold. Marginally significant (0.05 ≤ P < 0.1) effects are shown in italics.  

*Here, densities at the beginning of growing season were used to fit 𝜆𝑖, 𝛼𝑖𝑖 and 𝛼𝑖𝑗, 

whereas densities at the end of growing season were used in Table 1. 

   𝜆𝑖      𝛼𝑖𝑖      𝛼𝑖𝑗   

  χ2  P   χ2  P   χ2  P 

Status (S) 7.484 0.006 

 

2.487 0.115 

 

3.355 0.067 

Commonness of target (Ci) 5.963 0.015 

 

0.150 0.698 

 

0.017 0.895 

S × Ci 1.356 0.244 

 

5.546 0.019 

 

0.406 0.524 

Commonness of competitor (Cj) - - 

 

- - 

 

0.108 0.743 

S × Cj - - 

 

- - 

 

0.043 0.836 

Ci × Cj - - 

 

- - 

 

0.723 0.395 

S × Ci × Cj - - 

 

- - 

 

0.003 0.953 

Random effects SD 

  

SD 

  

SD 

 Pair 0.220 

  

0.016 

  

0.017 

 Species of target (nested in family) 0.566 

  

0.005 

  

0.012 

 Family of target 0.232 

  

0.005 

  

0.007 

 Species of competitor (nested in family) - 

  

- 

  

0.000 

 Family of competitor - 

  

- 

  

0.000 

 Residual 0.470     0.372     0.378 

 variation explained by fixed effects,𝑅∑
2  41.5%   7.7%   4.4%  

For 𝜆𝑖 and 𝛼𝑖𝑖, information of competitor (i.e. species j) was not included in the model, 

because we assumed that 𝜆𝑖 and 𝛼𝑖𝑖 were only determined by the target species per se. 
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Supplement S1 The relationship between number of recruits and aboveground 

biomass, and its effect on fitting the Ricker model.  

The relationship between number of recruits and aboveground biomass 

To test whether recruit number in the second year is related to aboveground 

biomass in the first year, and whether the relationship is affected by status and 

commonness, we used a linear mixed model to analyze the data of the eight species 

that consistently had recruits in the second year. We included number of recruits as 

the response variable, total biomass, commonness, status, the interaction between total 

biomass and commonness, and the interaction between total biomass and status as 

fixed effects, and identity of species pair and species (nested within family) as random 

effects. Number of recruits and aboveground biomass were natural log-transformed to 

achieve homogeneity of residuals. We assessed the significance of fixed effects with 

likelihood-ratio tests. Because none of the rare species had recruits in the second year, 

we could not include the interaction between commonness and status in the model.  

We found that number of recruits was significantly related to aboveground 

biomass (Table S4, Fig. S2). Number of recruits was not significantly related to status, 

commonness or their interactions with biomass (Table S4). There was still a lot of 

unexplained variation (Fig. S2), but one should note that, although total biomass and 

number of recruits were determined for the same treatments (i.e. density combination 

× pair), they were measured on different replicates. 
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Figure S2 Relationship between number of recruits in the second season and 

aboveground biomass at the end of the first season. Solid line shows the fitted 

relationship, and dashed lines represented the upper and lower limits of the 95% 

confidence interval. 
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Table S4 Effects of aboveground biomass, status, commonness, the interaction 

between aboveground biomass and status, and the interaction between aboveground 

biomass and commonness on number of recruits. Significant effects are shown in bold. 

  χ2 P 

ln(biomass) 14.794 <0.001 

Commonness (C) 0.173 0.678 

Status (S) 1.069 0.301 

C × ln(biomass) 1.75 0.186 

S × ln(biomass) 0.479 0.489 

Random effects SD 

 Pair 0.217 

 Species (nested in family) 0.837 

 Family 1.193 

 residual 0.873   

variation explained by fixed effects,𝑅∑
2  15.4%  
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The effect of the relationship between number of recruits and aboveground biomass 

on fitting the Ricker model 

Ideally, one would estimate intrinsic growth rates ( λ𝑖 ) and competition 

coefficients (𝛼𝑖𝑖 and 𝛼𝑖𝑗) with the following model: 

ln(
𝑁𝑖,𝑡+1

𝑁𝑖,𝑡
) = ln(𝜆𝑖) − 𝛼𝑖𝑖𝑁𝑖,𝑡 − 𝛼𝑖𝑗𝑁𝑗,𝑡      (S1) 

As only 8 out of 17 species tested had consistently produced recruits in the 

second season, we instead fitted models with individual aboveground biomass data, as 

measured at the end of the first season. Therefore, we did not estimate the ‘true’ λ𝑖, 

𝛼𝑖𝑖 and 𝛼𝑖𝑗. Instead, we estimated three parameters, which we call λ𝑖_𝑏, 𝛼𝑖𝑖_𝑏 and 𝛼𝑖𝑗_𝑏 

with the following model: 

ln(𝐵𝑖) = ln(𝜆𝑖_𝑏) − 𝛼𝑖𝑖_𝑏𝑁𝑖,𝑡 − 𝛼𝑖𝑗_𝑏𝑁𝑗,𝑡       (S2) 

As we found that the number of recruits in the second season is linearly related 

with aboveground biomass at the end of the first season (Table S4), we have: 

ln (
𝑁𝑖,𝑡+1

𝑁𝑖,𝑡
) = 𝑎𝑖 + 𝑏𝑖ln(𝐵𝑖)        (S3) 

When we then substitute ln(𝐵𝑖) in (S2), this gives: 

ln (
𝑁𝑖,𝑡+1

𝑁𝑖,𝑡
) = 𝑎𝑖 + 𝑏𝑖 ln(𝜆𝑖_𝑏) − 𝑏𝑖𝛼𝑖𝑖_𝑏𝑁𝑖,𝑡 − 𝑏𝑖𝛼𝑖𝑗_𝑏𝑁𝑗,𝑡    (S4)

  

Therefore, 

ln(𝜆𝑖) = 𝑎𝑖 + 𝑏𝑖 ln(𝜆𝑖_𝑏) 
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𝛼𝑖𝑖 = 𝑏𝑖 𝛼𝑖𝑖_𝑏 

𝛼𝑖𝑗 = 𝑏𝑖 𝛼𝑖𝑗_𝑏 

Although the values of 𝑎𝑖 and 𝑏𝑖 vary among species, we found that they were 

not significantly affected by status and commonness. Therefore, the relationships 

between the parameters (𝜆𝑖_𝑏 , 𝛼𝑖𝑖_𝑏 , or 𝛼𝑖𝑗_𝑏 ) , which were estimated by fitting 

equation S2 to the aboveground biomass data are likely to be good proxies of the ‘true’ 

parameters (𝜆𝑖, 𝛼𝑖𝑖, or 𝛼𝑖𝑗).  
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Supplement S2 The fitness difference between alien and native plant species, and 

its relationship with commonness and status. 

A short introduction to the fitness difference 

Chesson’s fitness difference 

Modern Coexistence Theory uses fitness difference to describe the difference in 

competitive ability between species i and j (see Supplement A1 in Hart et al. 2018 for 

details)  . The fitness difference, 𝜅𝑖/𝜅𝑗, is 

𝜅𝑖

𝜅𝑗
=

𝛾𝑖

𝛾𝑗
√

𝛼𝑗𝑖𝛼𝑗𝑗

𝛼𝑖𝑗𝛼𝑖𝑖
                                                                                                        

(S5) 

Here, 𝛾𝑖 and 𝛾𝑗 are intrinsic growth rates of species i and j, respectively, and thus 

correspond toln(𝜆𝑖) and ln(𝜆𝑗) in our system. Other parameters are as described in 

the main text. If the fitness difference, 𝜅𝑖/𝜅𝑗, exceeds 1 then species i wins (i.e. is 

more competitive) when there is no niche difference (i.e. 𝛼𝑖𝑗𝛼𝑗𝑖 = 𝛼𝑖𝑖𝛼𝑗𝑗). If it less 

than 1, species j wins. Note that the fitness difference consists of two parts. One,  
𝛾𝑖

𝛾𝑗
, 

describes the demographic difference. For example, if species i has higher intrinsic 

growth rate than species j, 
𝛾𝑖

𝛾𝑗
 is larger than 1. The other, √

𝛼𝑗𝑖𝛼𝑗𝑗

𝛼𝑖𝑗𝛼𝑖𝑖
, describes the 

difference in sensitivity to competition. For example, if species i experiences weaker 

intraspecific competition than species j (i.e.𝛼𝑖𝑖 < 𝛼𝑗𝑗 ), and interspecific competition 

is the same (i.e. 𝛼𝑖𝑗 = 𝛼𝑗𝑖), √
𝛼𝑗𝑖𝛼𝑗𝑗

𝛼𝑖𝑗𝛼𝑖𝑖
 is larger than 1, which indicates species i is less 
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sensitive to competition than species j. Therefore, one can be more competitive by 

either having a higher intrinsic growth rate, or being less sensitive to competition. 

A structural analog of Chesson’s fitness difference 

Chesson’s approach to measure the fitness difference requires that all 

competition coefficients are positive (i.e. all interactions are competitive and not 

facilitative). In our study system, 25 out of 192 competition coefficients are negative. 

Therefore, we cannot apply Chesson’s approach directly.  

Luckily, a structural approach developed by Saavedra et al. (2017) allows us to 

measure the fitness difference with negative competition coefficients. As proved by 

Saavedra et al. (2017), the structural analog of the fitness difference, what they called 

θ (Fig. S3a; equation S6), is the angle between the vector of intrinsic growth rates (𝛾, 

in two species system consisting of species i and j, 𝛾 = [𝛾𝑖, 𝛾𝑗] ) and the centroid of 

the domain of feasibility, what they called 𝛾c (Fig. S3a; equation S7). The domain of 

feasibility is determined by the vectors of competition coefficients (αi = [αii, αji] and 

αj = [αij, αjj]) such that it covers the entire set of intrinsic growth rates (𝛾), which 

ensures positive abundances of both species at equilibrium (Fig. S3b). 

Mathematically, 

𝜃 = 𝑎𝑟𝑐𝑐𝑜𝑠(
𝛄.𝛄𝒄

‖𝛄‖‖𝛄‖
)                                                                                                         

(S6) 

𝛄𝒄 =
1

2
(

1

√𝛼𝑖𝑖
2+𝛼𝑗𝑖

2
 [
𝛼𝑖𝑖
𝛼𝑗𝑖

] +
1

√𝛼𝑖𝑗
2 +𝛼𝑗𝑗

2
[
𝛼𝑖𝑗
𝛼𝑗𝑗

])                                                                             

(S7) 
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Figure S3 A structural analog of the fitness difference between two species. (a) The 

angle θ, which describes fitness difference between species i and j, is the angle 

between the vector of intrinsic growth rates (𝛾, the brown vector) and the centroid of 

the domain of feasibility (𝛾c, the orange vector). (b) The domain of feasibility is 

determined by the vectors of competition coefficient (αi and αj, the green vectors) 

such that it covers the entire set of intrinsic growth rates (𝛾), which ensures positive 

abundances of both species at equilibrium. The figures are adapted from Saavedra et 

al. (2017). 
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Two extensions to the structural analog of fitness difference 

Here, we offer two extensions to the structural analog of fitness difference. One 

is the sign of fitness difference, which allows to easily predict which species wins 

when there is no niche difference. The other is the structural analogs of demographic 

difference and difference in sensitivity to competition, which are two parts of fitness 

difference. 

The sign of fitness difference 

Saavedra et al. (2017) were interested in the magnitude of the fitness difference, 

and thus calculate absolute values of θ. In such way, θ 𝜖 [0, 𝜋], and we cannot directly 

know whether species i or species j wins (i.e. is more competitive) when there is no 

niche difference. However, by measuring the rotation angle from 𝛾 to 𝛾c, we are able 

to test which species is more competitive in a two species system. 

Mathematically, 

𝜃 = 𝑎𝑟𝑐𝑡𝑎𝑛2(𝑑𝑒𝑡[𝛄 𝛄𝒄] , 𝛄. 𝛄𝒄)                                                                                  

(S8) 

in such way, θ 𝜖 [-𝜋, 𝜋]. A positive θ means that the direction of the rotation 

angle from 𝛾 to 𝛾c is counterclockwise, and indicates species i is more competitive 

than species j. A negative θ indicates the opposite. 
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Structural analogs of demographic difference and difference in sensitivity to 

competition 

In figure S4, we divided the fitness difference, θ, into two parts, which we called 

βd and βs by adding an auxiliary line, so 

𝜃 = 𝛽𝑑 + 𝛽𝑠          (S9) 

Analogous to Chesson’s fitness difference, βd describes the demographic 

difference between species i and j, which is the rotation angle from 𝛾 to vector c 

([1,1]), 

Mathematically, 

𝛽𝑑 = 𝑎𝑟𝑐𝑡𝑎𝑛2(det[𝛄 𝒄] , 𝛄. 𝐜)         

 (S10) 

If 𝛽𝑑 exceeds 0, species i has a higher intrinsic growth rate than species j. If it is 

less than 0, species j has a higher intrinsic growth rate. 

In addition, βs describes the difference in sensitivity to competition, which is the 

rotation angle from c to 𝛾c, 

Mathematically, 

𝛽𝑠 = 𝑎𝑟𝑐𝑡𝑎𝑛2(det[𝒄 𝛄𝒄] , 𝐜. 𝛄𝒄)        

 (S11) 

If 𝛽𝑠 exceeds 0, species i is less sensitive to competition. If it less than 0, species 

j is less sensitive. 
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Figure S4 The angle βd, which describes demographic difference between species i 

and j, is the angle between 𝛾 and the vector c ([1, 1], the blue line). The angle βs, 

which describes difference in sensitivity to competition, is the angle between 𝛾c and c. 
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Link between the structural approach for difference in sensitivity to competition and 

Chesson’s difference in sensitivity to competition. 

As a proof that 𝛽𝑠  and √
𝛼𝑗𝑖𝛼𝑗𝑗

𝛼𝑖𝑗𝛼𝑖𝑖
 are analogous, consider the case where all 

competition coefficients are positive, which is an assumption in Chesson’s fitness 

difference. Then, we could simplify equation S11 to 

𝛽𝑠 =
1

2
(𝑎𝑟𝑐𝑡𝑎𝑛

𝛼𝑗𝑖

𝛼𝑖𝑖
+ 𝑎𝑟𝑐𝑡𝑎𝑛

𝛼𝑗𝑗

𝛼𝑖𝑗
−

𝜋

2
)      

 (S12) 

If √
𝛼𝑗𝑖𝛼𝑗𝑗

𝛼𝑖𝑗𝛼𝑖𝑖
 > 1, which indicates that species i is less sensitive to competition than 

species j, we have 
𝛼𝑗𝑗

𝛼𝑖𝑗
> 

𝛼𝑖𝑖

𝛼𝑗𝑖
. When we substitute this into equation S12, then 

𝛽𝑠 >
1

2
(𝑎𝑟𝑐𝑡𝑎𝑛

𝛼𝑗𝑖

𝛼𝑖𝑖
+ 𝑎𝑟𝑐𝑡𝑎𝑛

𝛼𝑖𝑖

𝛼𝑗𝑖
−

𝜋

2
) 

= 
1

2
(𝑎𝑟𝑐𝑡𝑎𝑛

𝛼𝑗𝑖

𝛼𝑖𝑖
+ 𝑎𝑟𝑐𝑡𝑎𝑛

1
𝛼𝑗𝑖

𝛼𝑖𝑖

−
𝜋

2
)  

      = 0, and this holds for all 
𝛼𝑗𝑖

𝛼𝑖𝑖
> 0.  

If √
𝛼𝑗𝑖𝛼𝑗𝑗

𝛼𝑖𝑗𝛼𝑖𝑖
 ≤ 1, the proof also holds. Therefore, we proved that 𝛽𝑠 and √

𝛼𝑗𝑖𝛼𝑗𝑗

𝛼𝑖𝑗𝛼𝑖𝑖
 

are analogous. 
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Methods 

Because we fitted the intrinsic growth rates (𝛾𝑖 , or ln(𝜆𝑖)) with biomass data 

instead of population growth rate, the intrinsic growth rate is sensitive to the unit of 

biomass. For example, compare the values of 𝛾𝑖 fitted with unit of milligram to those 

fitted with gram, they will differ by a constant value (ln 1000). As a result, 

demographic difference will decrease when we fitted with milligram (i.e. in Fig. S4, 𝛾 

will be closer to the vector c). The sensitivity in 𝛾𝑖  prevented us to measure 

demographic difference with equation S9, and the fitness difference quantitatively. 

Therefore, we measured the demographic difference with a surrogate, 𝛽𝑑
′ , for each 

pair of alien and native species, where 

𝛽𝑑
′ =𝛾𝑖 − 𝛾𝑗 = ln(𝜆𝑖) − ln(𝜆𝑗)      

 (S13) 

𝛽𝑑
′  describes the direction of demographic difference between species i and j. If 

𝛽𝑑
′  exceeds 0, the ‘true’ demographic difference, 𝛽𝑑, exceeds 0, provided that 𝛾𝑖 and 

𝛾𝑗 are both positive, which is a realistic assumption for plant species. If 𝛽𝑑
′ is less than 

0, then 𝛽𝑑 less than 0. Another benefit of measuring 𝛽𝑑
′  is that 𝛽𝑑

′  is not sensitive to 

the unit of biomass. 

Because, in our system, competition coefficients were not sensitive to the unit of 

biomass, we measured the difference in sensitivity to competition between species i 

and j, 𝛽𝑠, for each pair of alien and native species through equation S11 directly. 

𝛽𝑠 = 𝑎𝑟𝑐𝑡𝑎𝑛2(det[𝒄 𝛄𝒄] , 𝐜. 𝛄𝒄)        

 (S11) 
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Finally, to test the demographic difference (𝛽𝑑
′ ) and the difference in sensitivity 

to competition (𝛽𝑠) between alien and native species (i.e. the intercepts fitted for each 

of the 48 pairs), and whether𝛽𝑑
′  and 𝛽𝑠 were explained by commonness of alien and 

native species, we used linear mixed models. We included commonness of alien and 

native species, and their interaction as fixed effects, and target and competitor species 

(each nested within family) as random effects. We also included the inverse of 

variance as weight, such that pairs with high variance (i.e. uncertainty) would have 

less weight on the results. We assessed the significance of fixed effects with 

likelihood-ratio tests by comparing models with and without the effect of interest. 
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Results and Discussion 

Similar to the results of intrinsic growth rates presented in the main text, the 

demographic difference, 𝛽𝑑
′ , was overall larger than 0 (Table S5). This indicates that 

alien species had significantly higher intrinsic growth rates than native species. 

Commonness of alien and native species significantly affected 𝛽𝑑
′ . The demographic 

difference was more positive when the alien species is common, and when the native 

is rare (Table S5; Fig. S5a). As a consequence, common alien species had higher 

intrinsic growth rates than rare native species, but similar intrinsic growth rates as 

common natives (Fig. S5a). Rare aliens had also similar intrinsic growth rates as 

common natives (Fig. S5a). 

The difference in sensitivity to competition, 𝛽𝑠, did not significantly differ from 

0 (Table S5), which indicates that alien and native species did not differ in their 

sensitivity to competition. Commonness of alien species and its interaction with 

commonness of native species did not affect 𝛽𝑠 (Table S5). In addition, although rare 

native species tended to be less sensitive to competition than common native species, 

as indicated by a marginally significant effect of commonness of native species (Table 

S5), rare native species were not significantly less sensitive to competition than 

common or rare alien species (Fig. S5b). 

Because the fitness difference (or say the difference in competitive ability) 

consists of a demographic difference ( 𝛽𝑠 ) and a difference in sensitivity to 

competition (𝛽𝑑
′ ), our results based on 𝛽𝑠 and 𝛽𝑑

′ indicate that common alien species 

were more competitive than rare native species. This supports our results based on 

population-level biomass (‘Competitive outcome’ section in main text). Furthermore, 
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we proved that the difference in competitive ability might be driven by demographic 

differences rather than by sensitivity to competition.   
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Table S5 Effects of commonness of alien species, commonness of native species and 

their interaction on the demographic difference (𝛽𝑑
′ ) and the difference in sensitivity 

to competition (𝛽𝑠) between alien and native species. Significant differences (P < 0.05) 

are shown in bold. Marginally significant (0.05 ≤ P < 0.1) effects are shown in italics. 

 𝛽𝑑
′   𝛽𝑠 

                            χ2 P  χ2 P 

Intercepta                9.986 0.019  4.051 0.256 

Commonness of alien (Ca)    3.656 0.056  0.778 0.378 

Commonness of native (Cn) 4.807 0.028  3.086 0.079 

Ca × Cn 0.071 0.791  1.434 0.231 

Random effects SD 
 

 SD  

Species of alien (nested in family) 0.188 
 

 0.000  

Family of alien 0.804 
 

 0.000  

Species of native (nested in family) 0.702 
 

 0.000  

Family of native 0.000 
 

 0.090  

Residual 0.376    2.491  

variation explained by fixed 

effects,𝑅∑
2  

33.1%   9.0% 
 

a The intercept term indicates whether 𝛽𝑑
′  or 𝛽𝑠  differs between alien and native 

species irrespective of commonness 

𝑅∑
2: variation explained by fixed effects 
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Figure S5 The demographic difference (a, 𝛽𝑑
′ ) and the difference in sensitivity to 

competition (b, 𝛽𝑠) between alien and native plant species (i.e. mean Ln𝑅𝑅𝑘 values) 

and their relationship with commonness of alien and native species. Positive values of 

𝛽𝑑
′  indicate that the alien species have higher intrinsic growth rates than the native 

species, and are more competitive if 𝛽𝑠 equals 0. Positive values of 𝛽𝑠 indicate that 

alien species are less sensitive to competition, and are more competitive if 𝛽𝑑
′  equals 0. 

Negative values indicate the opposite. Error bars represent 95% confidence intervals. 

The asterisk (*) indicates that common alien species had significantly higher intrinsic 

growth rates than rare native species.  
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Supplement S3 The difference between intra- and interspecific competition 

coefficients for common and rare alien and native plant species. 

For each species per pair, we calculated 𝛼𝑑𝑖𝑓_𝑖𝑗, the difference between the intra- 

and interspecific competition coefficients (niche differences sensu Chesson 2000) as: 

𝛼𝑑𝑖𝑓_𝑖𝑗 = 𝛼𝑖𝑖 − 𝛼𝑖𝑗 

Positive values of 𝛼𝑑𝑖𝑓_𝑖𝑗  indicate that species i experienced stronger 

intraspecific competition (from itself) than interspecific competition from species j.  

To test if the difference between intra- and interspecific competition coefficients 

deviates from zero, and whether the difference was related with commonness of alien 

and native species, we used a linear mixed model. We included status of target species, 

commonness of target and competitor species, and their interactions as fixed effects. 

We further included species identity (nested within family) of the target and 

competitor species, and identity of the species pair as random effects. We also 

included the inverse of the sum of squares of the standard error (i.e. the standard error 

of inter- and intraspecific competition coefficients) as weights. We assessed the 

significance of fixed effects with likelihood-ratio tests. 
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Figure S6 Effects of commonness of target (and competitor) species, status, and their 

interaction on the difference between intra- and interspecific competition coefficients 

(𝛼𝑑𝑖𝑓_𝑖𝑗). Positive values of 𝛼𝑑𝑖𝑓_𝑖𝑗 indicate that intraspecific competition is stronger 

than interspecific competition, and negative values indicate the opposite. Error bars 

represent 95% confidence intervals. Statistical significances are shown in Table S6. 
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Table S6 Effects of commonness of target and competitor species, status of target 

species, and their interactions on the difference between the intra- and interspecific 

competition coefficients (𝛼𝑑𝑖𝑓_𝑖𝑗). Significant (P < 0.05) effects are in bold. 

  χ2 P 

Intercept 5.284 0.022 

Status (S) 4.678 0.030 

Commonness of target (Ci) 0.006 0.937 

S × Ci 6.487 0.011 

Commonness of competitor (Cj) 0.009 0.925 

S × Cj 0.027 0.870 

Ci × Cj 2.530 0.111 

S × Ci × Cj 2.167 0.141 

Random effects 
  

Pair 0.000 
 

Species of target (nested in family) 0.211 
 

Family of target 0.000 
 

Species of competitor (nested in family) 0.000 
 

Family of competitor 0.000 
 

Residual 0.224   

variation explained by fixed effects,𝑅∑
2  14.8%  
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Supplement S4 The effect of residence time on competitive ability of common 

and rare alien species. 

We gathered data on first year of records in Germany of the nine alien species 

from four sources (Table S7): the BiolFlor database (Kühn et al. 2004), the German 

Virtual Herbarium (http://vh.gbif.de), the Floristische Kartierung Baden-

Württembergs (Wörz et al. 2010), and the Flora von Bayern 

(http://daten.bayernflora.de/de/info_pflanzen.php). In case of multiple entries of the 

same species, only the earliest record was used. 

We found that common and rare alien species did not significantly differ in their 

first year of record (Kruskal-Wallis test, χ2 = 0.060, df = 1, p-value = 0.807). This 

indicates that the studied common and rare species did not differ in residence time. 

We also added residence time as a covariate into the model which tested competitive 

outcomes. We found that the results were similar with the model without residence 

time (Table S8 vs. Table 2), and that residence time did not significantly affect 

competitive outcomes (Table S8). 

http://vh.gbif.de/
http://daten.bayernflora.de/de/info_pflanzen.php
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Table S7 First year of records in Germany of nine study alien species. 

Species Commonness BiolFlor 

German 

Virtual  

Herbarium  

Floristische Kartierung 

Baden-Württembergs  

Flora von  

Bayern  
Summary 

Bidens frondosa common 1891 1934 1937 1945 - 1969  1891 

Bromus japonicus rare NA 1953 1850 1825 1825 

Cotula 

coronopifolia rare 1738 2016 NA 1998 1738 

Diplotaxis muralis common 1799 1852 NA 1899 1799 

Eragrostis minor common NA 1929 NA 1900 - 1929 1929 

Galinsoga 

parviflora common 1802 1850 1804 1945 - 1969  1802 

Hirschfeldia incana rare 1850 1954 NA 1899 1850 

Tragus racemosus rare NA 1988 1870 1903 1870 

Veronica persica common 1805 1910 1848 1975 1805 
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Table S8 Effects of commonness of alien species, commonness of native species, their 

interaction, and residence time on competitive outcomes (i.e. which species have higher 

aboveground biomass in bicultures across different density combinations). Significant 

differences were not found. Marginally significant (0.05 ≤ P < 0.1) effects are shown in 

italics. 

                            χ2  P 

Intercepta                2.085 0.149 

Residence time 1.967 0.161 

Commonness of alien (Ca)    2.717 0.099 

Commonness of native (Cn) 3.590 0.058 

Ca × Cn 0.041 0.840 

Random effects SD 

 Species of alien (nested in family) 0.283 

 Family of alien 0.798 

 Species of native (nested in family) 0.800 

 Family of native 0.000 

 Residual 0.361   

variation explained by fixed effects,𝑅∑
2  37.4%  

a The intercept term indicates the competitive outcome between alien and native species 

irrespective of commonness.   
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Chapter 2 Effect of allelopathy on plant performance 

Zhijie Zhang, Yanjie Liu, Ling Yuan, Ewald Weber, Mark van Kleunen 

Ecology letters, DOI: 10.1111/ele.13627 

Abstract 

Allelopathy (i.e. chemical interactions between plants) is known to affect individual 

performance, community structure and plant invasions. Yet, a quantitative synthesis is 

lacking. Here, we performed a meta-analysis of 384 studies that measured allelopathic effects 

of one species (allelopathy plant) on another species or itself (test plant). Overall, allelopathy 

reduced plant performance by 25%, but the variation in allelopathy was high. The type of 

method affected the allelopathic effect: compared to leachates, allelopathy was more negative 

when residues of allelopathy plants were applied, and less negative when soil conditioned by 

allelopathy plants was applied. The negative effects of allelopathy diminished with study 

duration, and increased with concentrations of leachates or residues. Although allelopathy 

was not significantly related to life span, life form or domestication of the interacting plants, 

it became more negative with increasing phylogenetic distance. Moreover, native plants 

suffered more from leachates of naturalized alien plants than from leachates of other native 

plants. Our synthesis reveals that allelopathy could contribute to success of alien plants. The 

negative relationship between phylogenetic distance and allelopathy indicates that allelopathy 

might contribute to coexistence of closely related species (i.e. convergence) or dominance of 

single species.  

 

Keywords: allelopathy, crop, invasive species, life history, meta-analysis, phylogeny, soil 

microbes, succession 
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Introduction 

Allelopathy refers to either the inhibitory or stimulatory effect of one plant on another 

through the production of chemicals and their release into the environment (Molisch 1937, 

Rice 1984). The earliest written record of allelopathy can be traced back to c. 300 BC, when 

the Greek philosopher Theophrastus noticed that, chick pea plants ‘exhaust’ the soil and 

destroy weeds (Hort 1916). To understand the roles of allelopathy in agriculture, forestry and 

old-field succession, numerous studies have been conducted since 1970 (Rice 1984, Cheng 

and Cheng 2015). In the late-1990s, research on allelopathy gained even more attention as 

some studies revealed allelopathy as a driving mechanism for the success of some invasive 

plants (Wardle et al. 1998, Callaway and Aschehoug 2000, Hierro and Callaway 2003). 

Despite the long-standing interest and the mounting number of studies on allelopathy, we still 

lack a quantitative synthesis to answer whether allelopathy generally inhibits or stimulates 

plants.   

So far, inhibitory effects of allelopathy have been found in some studies (Mahall and 

Callaway 1992), but no or stimulatory effects have been found in others (Bauer et al. 2012, 

Zhang et al. 2015). Therefore, besides testing the overall effect of allelopathy, identifying the 

sources of heterogeneity can also improve our understanding (Lankau 2009, Tharayil et al. 

2009, Meiners et al. 2012). The first candidate source is the method to study allelopathy. For 

example, to test allelopathy, some studies soaked seeds in leaf leachates or root exudate from 

other plants, and some grew seedlings on substrate mixed with residues from other plants (see 

Table 1 for a summary of the major methods that have been used to test allelopathy). The 

differences in study method partly reflect the four pathways through which allelochemicals 

are released into the environment, that is, leaching from plants by rain, decomposition of 

plant residues (e.g. litter), exudation from roots and volatilization (Fig. 1; Rice 1984  p309). 
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However, studies also differ with regard to the different life stages of plants (e.g. germination 

vs. growth) and the duration of the experiment. Disentangling the importance of the different 

factors related to the study design can hardly be achieved in a single case study, but is 

feasible in a quantitative synthesis, such as meta-analysis (Gurevitch et al. 2018). 

 

 

Figure 1 The different release pathways and effects of allelochemicals. The allelopathy plant 

(left) can release allelochemicals through four pathways (black arrows): leaching by rain (P1), 

decomposition of plant residues (P2), exudation from roots (P3) and volatilization (P4). The 

allelochemicals can affect the test plant directly (red arrows) or indirectly through their effect 

on soil biota (dashed red arrows). Soil biota can also affect allelochemicals, such as through 

conversion or degradation of allelochemicals.  
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Table 1 A description of the seven types of methods used to test for allelopathy. We also 

indicate which of the four pathways of allelopathy (see Fig. 1) the method tests. 

Method Description  Pathway a 

Leachate     Leachates were made by soaking plant 

biomass (usually leaves) of the allelopathy 

plant in water, or in a mixture of water and 

an organic solvent, for a certain time 

(ranging from a few hours to days). Then, 

the leachate was applied to test the plants. 

P1  

Residue     Biomass (litter or fresh biomass) of the 

allelopathy plant was directly incorporated 

into the substrate of the test plants. 

P2 

Exudate     The allelopathy plant was grown on 

artificial medium or in an exudate collection 

system. Then the medium was used to grow 

test plants, or exudate was applied to the test 

plants. 

P3 

Volatile     The test plant was grown in the presence 

of allelopathy plants, but without any 

physical contact. 

P4 

Soil     Soil was collected from where the 

allelopathy plant grew or the allelopathy 

plant was used to condition the soil. Then 

the soil was used as substrate for the test 

plant. 

P1, P2, P3 

Activated 

carbon 

    Active carbon was used to absorb allelo-

chemicals, so that the effect of allelopathy 

would be neutralized. 

P1, P2, P3 

Solvent 

extraction 

    Leachates of allelopathy plant were 

extracted by organic solvents (if different 

organic solvents were used, the least polar 

solvent was used first, followed by more 

polar ones). Then, the solvent fraction was 

applied to test plants. 

P1 

a The abbreviations correspond to the pathways in Figure 1. P1: leachate; P2: residue; P3: 

exudate; P4: volatile. 
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Variance in allelopathy can also arise from biological traits of plants. Several studies of 

plant succession revealed that the effect of allelopathy may depend on life history. For 

example, Jackson and Willemsen (1976) reported that ragweed (Ambrosia artemisiifolia) and 

wild radish (Raphanus raphanistrum), which are short-lived, early-successional species, 

cannot re-establish on soils on which the long-lived, late-successional frost aster (Aster 

pilosus) grew previously. Besides life history, domestication may also matter as crop species 

appear to be more sensitive to allelopathy than weeds (Sera 2012). From an evolutionary 

perspective, individuals of short-lived species are associated with other species for a shorter 

period than long-lived species are (Myster and Pickett 1992). Likewise, crop species are less 

exposed to interference with other species (e.g. weeds) as they are frequently protected by 

humans. Consequently, the abilities to inhibit other species and to tolerate inhibition from 

others is less likely to be selected for in short-lived species or crops (Meiners et al. 2012). 

However, whether this is true remains untested at a broad scale. 

The strength and direction of allelopathic interactions may also depend on two other 

aspects of evolutionary history: phylogenetic distance and species origin. On the one hand, 

the composition of secondary metabolites (i.e. allelochemicals) is generally phylogenetically 

conserved in plants (Wink 2003, Grutters et al. 2017). Therefore, distantly related species 

might strongly inhibit each other due to little overlap in, and thus novelty of, their 

allelochemical profiles. On the other hand, evolutionary history is also shaped by the 

conditions that a species has experienced. In their native range, alien plants interacted with 

other species (e.g. competitors and enemies) than they do in their non-native range (Liu and 

Stiling 2006, Blumenthal et al. 2009, Saul and Jeschke 2015). Therefore, the aliens might 

have evolved different arsenals of allelochemicals to which the natives, in the non-native 

range of the aliens, are not adapted. This is known as the Novel Weapons hypothesis 

(Callaway and Ridenour 2004). For example, Callaway and Aschehoug (2000) found that the 
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Eurasian Centaurea diffusa, a noxious invasive weed in North America, had more negative 

effects on species native to North America than on species native to Eurasia. The other way 

around, the natives may also produce arsenals of allelochemicals to which introduced aliens 

are not adapted, and this might provide biotic resistance (Rabotnov 1981, Cummings et al. 

2012, Ning et al. 2016). Still, the importance of phylogenetic distance and novelty for the 

strength of allelopathic interactions and the consequences for invasion success of alien plants 

remains unknown. 

Although there are still many open questions in allelopathy research, the past decade has 

witnessed a slowdown of research on allelopathy (Fig. S1). There are possibly two major 

reasons for this. First, retractions and corrections of several high-profile publications—whose 

findings could not be repeated by subsequent studies (Blair et al. 2005, Perry et al. 2007) or 

were identified as being fabricated (Borrell 2015, Palus 2016)—have haunted the field. 

Second, some of the techniques to study allelopathic effects have been questioned (e.g. Lau et 

al. 2008, Blair et al. 2009). Therefore, to assess the overall evidence for allelopathy and to 

quantify its effects, we conducted a meta-analysis. Importantly, we also identified sources of 

variance in allelopathy by testing whether allelopathy is related to study design (including the 

techniques used), biological traits of species, and evolutionary history. Finally, to provide 

new avenues for future studies, we identified some of the knowledge gaps in present 

allelopathy research. 
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Methods 

Literature search 

We searched ISI Web of Science for between-plant-allelopathy studies that were 

published between January 1900 and December 2017. We used the search string ‘allelopath* 

AND plant’, which resulted in 3,699 papers. This list of papers was further expanded by 

including all papers that were published in the Allelopathy Journal (ISSN 0971-4693) 

between 1994 (the year that the journal was first published) and 2017, which resulted in 

another c. 900 papers. We then screened the titles, abstracts and main texts. Studies were 

included if the following criteria were met: 

1) The study tested a pairwise interaction, that is, the effect of one species on another or 

on conspecifics. Therefore, studies that tested effects of allelopathy on a community, that 

tested effect of mixed species, and that tested effects of single allelochemicals on plants were 

excluded. 

2) The study tested allelopathy using one of the seven major methods listed in Table 1. 

3) The study measured traits related to germination, growth or fitness, and thus studies 

that measured other traits, such as mycorrhizal colonization and the concentration of 

chlorophyll, were excluded. Germination measurements include germination rate (i.e. 

proportion of seeds that germinated), germination speed and time to germination. Growth 

measurements include total biomass and biomass of different plant parts (shoots, roots, leaves 

and stem); lengths of roots and shoots; numbers of leaves and branches; leaf size; and stem 

diameter. Fitness measurements include biomass of seeds, fruits and flowers, and numbers of 

seeds, fruits, flowers and ramets. 
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4) The study used seed plants (i.e. the few studies that used algae or ferns were 

excluded). 

5) The study reported the duration of the experiment. 

6) Mean values and variances (standard deviations, standard errors, or 95% confidence 

intervals) of control and allelopathy treatments could be obtained from the text, tables, 

figures or supplements. 

Data collection 

In total, 378 published papers met our criteria. We also added data of six experiments 

from our labs, two of which were published after 2017 (Zhang et al. 2018a, Oduor et al. 

2020). So, we included 384 studies in total. If a study sampled data at multiple time points, 

we only extracted the final data points to avoid temporal autocorrelation. If a study tested 

multiple species pairs, applied multiple treatments (e.g. different concentrations of leachates), 

we considered them as independent observations. For each observation, we extracted the 

mean values, variances and sample sizes of the test species, under control and allelopathy 

treatments. Data from figures were extracted using ImageJ (Abràmoff et al. 2004). We 

recorded study duration, the plant part used for making the allelopathy treatment (shoot, root 

and whole plant), the concentration of leachates or residues if it was reported in the paper. 

Besides, we recorded the experimental environment, that is, controlled (petri dishes, growth 

chamber or greenhouse), semi-natural (outdoor experiment that was not under natural 

conditions) or natural environment. Our final data set contained 16,810 data points covering 

461 allelopathy species and 470 test species. 

In addition to the data extracted from the papers, we acquired three biological traits—

life span (short- or long-lived), life form (woody or non-woody) and domestication (crop or 
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wild)—of the species by matching their names with several databases. Before matching our 

database with others, we harmonized taxonomic names of all species according to The Plant 

List (http://www.theplantlist.org/), using the Taxonstand R package (Cayuela et al. 2017).  

We extracted the information on life span and life form from the following databases: 

TRY (Kattge et al. 2020; last accessed on 9 November 2015), the World Checklist of 

Selected Plant Families (WCSP; http://wcsp.science.kew.org/; last accessed on 22 August 

2018), Plants for a Future (PFAF, https://pfaf.org/; last accessed on 22 August 2018), LEDA 

(Kleyer et al. 2008; last accessed on 22 August 2018) and PLANTS (http://plants.usda.gov/; 

last accessed on 22 August 2018). We classified annual and biennial species as short-lived, 

and perennials as long-lived. A few species were not included in the databases (29% in case 

of life span and 16% in case of life form). For them, we extracted the information on life span 

and life form from the description of the species in the allelopathy papers or we did internet 

searches to find this information. We classified a species as a crop species in the narrow 

sense if it is recorded as a human food in the World Economic Plants (WEP) database 

(National Plant Germplasm System GRIN-GLOBAL; https://npgsweb.ars-

grin.gov/gringlobal/taxon/taxonomysearcheco.aspx, last accessed on 7 January 2016), which 

is based on a book by Wiersema and León (2013). However, because crops are not restricted 

to plants grown for human food, we also used a broader classification in which a species was 

classified as a crop if it is recorded to have any economic use according to the WEP database. 

The results based on the broader definition of crop (Table S1) were very similar to those 

based on the narrower definition, indicating that the results on crop vs. non-crop species are 

robust.  

We also acquired data on the origin of the species (i.e. native or alien at the location of 

study), and in the case of alien species, we distinguished between non-naturalized and 

naturalized species. The latter are species that have established self-perpetuating populations 

http://www.theplantlist.org/
http://wcsp.science.kew.org/
https://pfaf.org/
http://plants.usda.gov/
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in the wild at the location of study (sensu Richardson et al. 2000). For this, we used three 

databases – the Global Naturalized Alien Flora (GloNAF), the Germplasm Resources 

Information Network (GRIN), and the Plants of the World Online portal (POWO). The 

GloNAF database contains lists with naturalization status of 13,939 alien vascular plant taxa 

for 1,029 regions (countries or subnational administrative units; van Kleunen et al. 2019). 

GRIN is an online database published by the United States Department of Agriculture 

(USDA; https://www.ars-grin.gov/; last accessed on 2 March 2020). POWO is an online 

database published by the Royal Botanic Gardens, Kew (http://powo.science.kew.org/; last 

accessed on 2 March 2020). All of them provide descriptions of the distribution of the taxa.  

We classified a species at the location of study as a naturalized alien if GloNAF or 

GRIN reported that it is naturalized there; as native if GRIN, POWO or the study reported 

that it is native there; as non-naturalized alien if the species is recorded there neither as native 

nor as naturalized by any of the data sources. Five studies tested for allelopathic effects of an 

alien species collected in its non-native region on species that had been collected in the native 

region of the alien species (Callaway and Aschehoug 2000, Prati and Bossdorf 2004, 

Abhilasha et al. 2008, Gruntman et al. 2016, Oduor et al. 2020). As, in these cases, it is not 

clear whether the allelopathy and test species should be considered native or alien, we 

excluded such species pairs from analysis. 

We constructed a phylogenetic tree for all species in our dataset (Supplement S3) by 

pruning an existing phylogenetic supertree using the R function S.PhyloMaker (Qian and Jin 

2015). The supertree, which was initially constructed by Zanne et al. (2014) and further 

corrected and expanded by Qian and Jin (2015), included 30,771 seed plants, and has been 

time-calibrated for all branches using seven gene regions (i.e., 18S rDNA, 26S rDNA, ITS, 

matK, rbcL, atpB, and trnL-F) available in GenBank and fossil data. Species that were absent 

in the supertree (about 21.6%), we added as polytomies to the root of their genus or family. 

https://www.ars-grin.gov/
http://powo.science.kew.org/
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We calculated the pairwise phylogenetic distance between allelopathy and test species using 

the cophenetic function in the ape package (Paradis and Schliep 2018).  

Effect size calculation 

As effect size, we calculated the log response ratio (ln RR; Borenstein et al. 2009) as: 

ln𝑅𝑅 = 𝑙𝑛(�̅�𝑎𝑙𝑙𝑒𝑙𝑜𝑝𝑎𝑡ℎ𝑦) − 𝑙𝑛(�̅�𝑐𝑜𝑛𝑡𝑟𝑜𝑙) 

where �̅�𝑎𝑙𝑙𝑒𝑙𝑜𝑝𝑎𝑡ℎ𝑦  and �̅�𝑐𝑜𝑛𝑡𝑟𝑜𝑙  are the mean values of performance (germination, 

growth or fitness) of a test species in the allelopathy and control, respectively. When a high 

value of a measured trait indicates low performance of plants (e.g. for a given species, a high 

value for germination time indicates low success of germination), we changed the sign of the 

effect sizes of this trait. Consequently, a negative value of ln RR indicates that allelopathy 

reduced plant performance, and a positive value indicates that allelopathy increased plant 

performance.  

The sampling error variance of the ln RR was calculated as: 

𝑣 =
𝑆𝑎𝑙𝑙𝑒𝑙𝑜𝑝𝑎𝑡ℎ𝑦
2

𝑛𝑎𝑙𝑙𝑒𝑙𝑜𝑝𝑎𝑡ℎ𝑦�̅�𝑎𝑙𝑙𝑒𝑙𝑜𝑝𝑎𝑡ℎ𝑦
2 +

𝑆𝑐𝑜𝑛𝑡𝑟𝑜𝑙
2

𝑛𝑐𝑜𝑛𝑡𝑟𝑜𝑙�̅�𝑐𝑜𝑛𝑡𝑟𝑜𝑙
2  

where 𝑆 and 𝑛 are the standard deviation and sample size, respectively (Borenstein et al. 

2009). 

Statistical analyses 

All analyses were carried out with Bayesian multivariate models implemented in the 

brms package (Burkner 2017) in R 3.6.1 (R Core Team 2019), which allowed us to account 

for phylogenetic non-independence of the species and to include both the sampling error and 

the residual error. We considered an estimated parameter as significant when its 95% credible 
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interval of the posterior distribution did not overlap zero, and as marginally significant when 

the 90% credible interval did not overlap zero. 

Meta-analysis 

To test the overall effect of allelopathy, we ran an intercept-only meta-analysis model. 

We included effect size (ln RR) as response variable, and study identity (i.e. paper), species 

identity and phylogenetic effect (added as phylogenetic variance-covariance matrices) of 

allelopathy and test species as random effects. We specified standard errors of the 

observations (squared root of the variance) to weight the effect size by its precision. Note that 

both the species identity and phylogenetic effect of species are species-specific effects, but 

that the former represents the non-phylogenetic part (Nakagawa and Santos 2012). 

We used the default priors set by the brms package, but changing the priors had 

negligible effect on our results. We ran four independent chains with 3,000 iterations each. 

Half of the iterations were used as warm-up, so a total of 6,000 samples were retained to 

estimate the posterior distribution of each parameter. We quantified heterogeneity of the 

model by estimating I2 sensu Nakagawa and Santos (2012) (see Supplement S4 for details). 

The phylogenetic signal was quantified by H2, which is a metric of phylogenetic signal 

named phylogenetic heritability (Lynch 1991). Similar to the widely used metric of 

phylogenetic signal Pagel's λ (Pagel 1999), H2 = 0 indicates that there is no effect of 

phylogenetic relatedness of species on their difference in effect sizes, while H2 = 1 indicates 

that the differences in effect-sizes are exactly proportional to the phylogenetic relatedness of 

the species. To report the effect of allelopathy on plant performance at the raw-data scale, we 

back-transformed the log response ratio (ln𝑅𝑅) with the formula: eln𝑅𝑅 − 1. For example, 

ln𝑅𝑅 = −0.5 indicates that allelopathy reduced plant performance by 39.3% (e−0.5 − 1). 

Meta-regressions 
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To test the importance of different sources of variance in allelopathy, we ran three meta-

regression models (i.e. mixed-effects meta-analyses). The first model included data from all 

seven methods described in Table 1 combined. The second and third models analyzed two 

subsets, that is, the leachate and the residue method, respectively. These two models allowed 

us to analyze certain aspects of the experimental design in more detail. For example, the 

concentration of the allelopathic agents was not manipulated in all seven methods (e.g. 

activated-carbon method), and thus cannot be tested in the first model. We also ran meta-

regression models for each of the other five methods, but because the number of studies was 

relatively small, we report their results in the supplements (Supplement S5). In all models, we 

included effect size as response variable, and used the same random effects, priors, warm-up, 

and sampling as in the intercept-only meta-analysis described in the ‘Meta-analysis’ 

subsection above.   

In the first model, we included the following explanatory variables as fixed effects: 1) 

type of method (leachate, residue, activated carbon, solvent, soil, volatile and exudate; see 

Table 1); 2) type of performance measure (germination and growth; as only 10 studies 

measured fitness, we combined fitness with growth); 3) experimental environment 

(controlled, semi-natural and natural); 4) study duration (days); 5) life span (short-lived 

[annual and biennial] and long-lived [perennial]) of allelopathy and test species; 6) life form 

(herbaceous and woody) of allelopathy and test species; 7) domestication (crop and wild) of 

allelopathy and test species; 8) phylogenetic distance between allelopathy and test species; 

and 9) origin (native, naturalized alien and non-naturalized alien) of allelopathy and test 

species, and interaction between origin of allelopathy and test species. 

Variables 1-4 are those related to the experimental design. Variables 5-7 are those 

related to biological traits. Variables 8 and 9 are those related to evolutionary history. Note, 

however, that the variables 5-7 (life span, life form and domestication) are also related to 
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evolution. For example, crops were selected for high yield by humans. However, the 

variables 8 and 9 (phylogenetic distance and origin) focus on the similarity in evolutionary 

history between allelopathy and test species, for example, their relative positions on the 

phylogenetic tree.  

In the second and third models, which focused on studies that used the leachate and 

residue methods, respectively, we included the same fixed effects as in the first model, except 

for type of method. Consequently, the models included the following fixed effects: 1) type of 

measurement; 2) experimental environment (not for leachate, because there was no semi-

natural or natural experiment); 3) study duration; 4) life span of allelopathy and test species; 

5) life form of allelopathy and test species; 6) domestication of allelopathy and test species; 7) 

phylogenetic distance between allelopathy and test species; and 8) origin of allelopathy and 

test species, and their interaction.  

We included another three fixed effects related to the study design, which could not be 

included in the first meta-regression model: 9) ‘color’ of biomass (fresh biomass [green] and 

litter [brown]); 10) plant part (belowground, aboveground part and whole plant); 11) 

concentration of leachates or residues. 

Because the concentration of secondary metabolites, study duration and phylogenetic 

distance have been found or hypothesized to be nonlinear (Rice 1984, Reich et al. 2018, 

Malecore et al. 2019), we considered nonlinear effect for all of them. To do this, we first ran 

models that applied data transformation (natural-log and square-root transformation), 

included quadric terms or specified non-linear curves (Monod equation and Weibull curve). 

Then, we performed model selection with the leave-one-out cross-validation method using 

the loo package (Vehtari et al. 2016). In the end, we natural-log transformed study duration 

and concentration of leachates or residues and added quadric terms for those variables, while 
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we used the original linear scale for phylogenetic distance. To improve comparability of the 

coefficient estimates, we bounded phylogenetic distance, which ranges from 0 (i.e. same 

species) to 781 million years, between 0 and 1. 

To improve interpretation of the intercept (Schielzeth 2010) and to aid comparisons 

between different meta-regression models, we mean-centered all categorical explanatory 

variables with two levels after coding them as dichotomous (0 and 1) variables. For 

categorical variables with more than two levels, we set the most common levels as the 

reference levels. For type of method this was ‘leachate’, for experimental environment this 

was ‘controlled’, for plant part this was ‘aboveground part’, and for origin of allelopathy and 

test species this was ‘native’. For all continuous variables, we applied median-centering 

instead of mean-centering because their distributions were skewed. 

For the concentration of leachates or residues, studies used three types of units 

(weight/weight, g/g; weight/volume, g/cm3; and weight/area, g/cm2), which differ in their 

scales and might have different per-unit effects. To account for this, we included type of unit 

and set ‘weight/weight’, the most common level, as the reference level in the model for 

residue method. In the model for leachate method, all but two studies used the unit of 

weight/volume, and we therefore removed the two exceptions from the analysis. Finally, of 

the studies that used the residue method, only a few used non-naturalized alien species. For 

example, only two studies tested effect of non-naturalized aliens on natives. Therefore, we 

did not discriminate between non-naturalized and naturalized aliens in the model for the 

residue method.  

Detection of Publication bias 

Because statistically significant results are more likely to be published than non-

significant results (Rosenthal 1979), publication bias can affect the results of meta-analyses. 
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To test for publication bias, we first used the funnel-plot method by plotting meta-analytic 

residuals against the inverse of their precision (i.e. inverse of the sampling error). When the 

funnel plot is asymmetric, one can conclude that publication bias is present. The meta-

analytic residual is the sum of a within-study effect (analogy to residual in linear models) and 

a sampling-error effect (Nakagawa and Santos 2012), and was extracted from the meta-

analysis (the intercept-only model). Second, we performed a modified Egger’s regression 

(Egger et al. 1997, Nakagawa and Santos 2012) by using the meta-analytic residuals as the 

response variable, and the precision as the explanatory variable. When the intercept does not 

overlap zero, one can conclude that publication bias is present. Finally, we analyzed the 

temporal trends in effect sizes. A so-called time-lag bias arises when the earliest published 

studies have larger effects than those of later studies (Trikalinos and Ioannidis 2005). To do 

so, we ran a meta-regression model that included effect size as response variable, and 

publication year as the only fixed effect. 
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Results 

Our meta-analysis showed that allelopathy was, overall, inhibitory, as it reduced plant 

performance by on average 25.3% (mean ln𝑅𝑅 = -0.288, 95% CI = [-0.492, -0.052]). As 

expected, the heterogeneity in effect size was high. Within-study heterogeneity (i.e. at the 

observation level) accounted for 53.6% of the variance, between-study heterogeneity 

accounted for 26.2% of the variance, between-test-species heterogeneity (i.e. the non-

phylogenetic part) for 13.0% of the variance, and between-allelopathy-species heterogeneity 

for 7.1% of the variance (Table S2). The phylogenetic signal was low, both among 

allelopathy species (H2 < 0.01%) and among test species (H2 = 0.02%; Table S2). 

Effects of study design on allelopathy 

The type of method significantly affected the effect of allelopathy (Fig. 2a; Table 2). 

Compared to the leachate method, the effect of allelopathy was more negative (-15.1%) when 

the study used residues (ln𝑅𝑅𝑟𝑒𝑠𝑖𝑑𝑢𝑒−𝑙𝑒𝑎𝑐ℎ𝑎𝑡𝑒 = -0.163 [-0.220, -0.107]), and less negative 

(+13.0%) when the study used soil on which the allelopathy species was grown 

(ln𝑅𝑅𝑠𝑜𝑖𝑙−𝑙𝑒𝑎𝑐ℎ𝑎𝑡𝑒 = 0.122 [0.024, 0.218]). The effect of allelopathy in studies that used 

activated carbon, exudate, volatile or solvent extraction did not deviate significantly from 

those that used leachates. 

Allelopathy had overall weaker negative effects (+15.1%) on germination than on plant 

growth ( ln𝑅𝑅𝑔𝑒𝑟𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛−𝑔𝑟𝑜𝑤𝑡ℎ  = 0.140 [0.119, 0.161]; Fig. 2a; Table 2). This was 

particularly true when allelopathy was tested with leachates (Table S4). However, when 

tested with residues, allelopathy had stronger negative effects (-25.7 %) on germination than 

on plant growth (ln𝑅𝑅𝑔𝑒𝑟𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛−𝑔𝑟𝑜𝑤𝑡ℎ = -0.297 [-0.387, -0.208]; Table S5). Allelopathy 

had less negative effects (+26.7%) in experiments done under semi-natural conditions than 
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under controlled conditions ( ln𝑅𝑅𝑠𝑒𝑚𝑖𝑛𝑎𝑡𝑢𝑟𝑎𝑙−𝑐𝑜𝑛𝑡𝑟𝑜𝑙𝑙𝑒𝑑  = 0.237 [0.058, 0.411]; Fig. 2a; 

Table 2), whereas allelopathic effects did not significantly differ between experiments done 

under natural and controlled conditions. We also found that, leachates from belowground 

parts of plants had weaker negative effects (+13.6%) than leachates from aboveground parts 

(ln𝑅𝑅𝑏𝑒𝑙𝑜𝑤−𝑎𝑏𝑜𝑣𝑒= 0.127 [0.095, 0.160]; Table S4).  

The effects of study duration and concentration of leachates or residues on allelopathy 

were weakly non-monotonic, as indicated by the significant quadric terms (Fig. 2b-c; Table 

2). Allelopathic effect was negative for experiments of short duration, but was not 

significantly different from zero when the experiments lasted over 89 days. The effect of low 

concentrations of leachates or residues was not significantly different from zero, but became 

significantly negative when the concentration of leachates (or residues) exceeded 0.055 g/ml. 
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Figure 2 Effects of different aspects of study design on allelopathy. a. Effects of the type of 

method (orange), the type of performance measure (blue) and the experimental environment 

(green) on allelopathy. b. Effect of study duration on allelopathy. c. Effect of the 

concentration of leachates on allelopathy. In a, for each category (parameter), the posterior 

distribution is plotted with the mean and 95% credible interval. The text on the right displays 

the mean, 95% credible interval (CI), and the number of observations (obs) and papers. An 

asterisk indicates a significant difference between the level of interest and the reference level. 

In b and c, curves of the estimated effects are shown with their 95% credible intervals. 

Negative values of the effect size (ln𝑅𝑅) indicate that allelopathy inhibits plant performance.   
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Table 2 Output of the model testing effects of study design, biological traits and evolutionary history on effect sizes (ln RR) of allelopathy. 

Shown are the model estimates and standard errors as well as the lower (L) and upper (U) values of the 95% and 90% credible intervals (CI). 

    Estimate SE L95%CI U95%CI L90%CI U90%CI 

 

Intercept (Leachate) -0.383* 0.100 -0.575 -0.174 -0.54 -0.211 

Study 

design 
Residue -0.160* 0.028 -0.216 -0.106 -0.206 -0.115 

Exudate -0.043 0.051 -0.144 0.058 -0.128 0.040 

Volatile -0.014 0.050 -0.112 0.085 -0.096 0.069 

Soil 0.126* 0.049 0.030 0.219 0.045 0.205 

Activated carbon 0.096 0.071 -0.042 0.239 -0.019 0.216 

Organic solvent -0.061† 0.031 -0.122 0.000 -0.112 -0.01 

Measurement 0.140* 0.011 0.119 0.162 0.122 0.158 

Experimental environment 0.152† 0.083 -0.009 0.314 0.018 0.288 

Study duration 0.045* 0.016 0.014 0.076 0.019 0.072 

Study duration^2 0.020* 0.008 0.005 0.035 0.008 0.032 

Biological 

traits 
Life span (allelo) a 0.012 0.043 -0.076 0.097 -0.060 0.082 

Life form (allelo) 0.046 0.040 -0.031 0.129 -0.019 0.113 

Domestication (allelo) 0.029 0.040 -0.049 0.110 -0.038 0.096 

Life span (test) b 0.041 0.041 -0.038 0.120 -0.026 0.107 

Life form (test) 0.049 0.055 -0.062 0.157 -0.043 0.139 

Domestication (test) 0.061 0.045 -0.028 0.147 -0.013 0.135 

Evolutionary 

history 
Phylogenetic distance -0.202* 0.061 -0.319 -0.082 -0.301 -0.101 

Origin – naturalized (allelo) [O-N (allelo)] -0.039 0.037 -0.111 0.034 -0.100 0.023 

Origin – non-naturalized (allelo) [O-NN (allelo)] -0.017 0.057 -0.129 0.093 -0.110 0.078 

Origin – naturalized (test) [O-N (test)] 0.051 0.038 -0.024 0.127 -0.013 0.113 

Origin – non-naturalized (test) [O-NN (test)] 0.011 0.037 -0.064 0.084 -0.050 0.114 

O-N (allelo)* O-N (test) 0.020 0.049 -0.078 0.116 -0.061 0.100 

O-N (allelo)* O-NN (test) 0.052 0.046 -0.036 0.143 -0.024 0.128 

O-NN (allelo)* O-N (test) -0.035 0.067 -0.166 0.094 -0.145 0.074 

O-NN (allelo)* O-NN (test) -0.007 0.066 -0.138 0.124 -0.118 0.102 
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Parameters whose 95% credible intervals do not overlap with zero are indicted with asterisks (*), and whose 90% credible intervals do not 

overlap with zero are indicated with daggers (†). 

a biological traits or origin of allelopathy species 

b biological traits or origin of test species
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Effects of biological trait on allelopathy 

Overall, allelopathy did not differ between short- and long-lived species, 

between herbaceous and woody species, and between crop and wild species (Fig. 3; 

Table 2). This holds for both the allelopathy and test species (Fig. 3; Table 2). 

 

  

Figure 3 Effects of biological traits (life span, dark green; life form, light green; 

domestication, violet) on allelopathy. Biological traits of allelopathy species are 

shown in the upper half, and those of test species in the lower half. For each category 

(parameter), the posterior distribution is plotted with the mean and 95% credible 

interval. The text on the right displays the mean, 95% credible interval (CI), and the 

number of observations and papers (k). Negative values of the effect size (ln𝑅𝑅) 

indicate that allelopathy inhibits plant performance. No significant difference was 

found.  
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Effects of evolutionary history on allelopathy 

The effect of allelopathy became slightly more negative as the phylogenetic 

distance between allelopathy and test species increased (Fig. 4a; Table 2). More 

specifically, the effect of allelopathy between the most closely related species (or 

individuals of the same species) reduced plant performance of each other by 28.2% 

(ln𝑅𝑅 = -0.331, [-0.521, -0.119]), whereas that between the most distantly related 

species reduced plant performance by 41.0% ( ln𝑅𝑅  = -0.528, [-0.731, -0.319]). 

Across all seven methods (Table 1), allelopathy was not affected by the origin of the 

allelopathy and test species, or by the interaction between the origins of the two 

species (Table 2). However, for the subset of studies that tested the effect of leachates, 

we found that  natives experienced more negative (-13.4%) effects from naturalized 

alien species than from other natives (ln𝑅𝑅𝑛𝑎𝑡𝑢𝑟𝑎𝑙𝑖𝑧𝑒𝑑𝑜𝑛𝑛𝑎𝑡𝑖𝑣𝑒−𝑛𝑎𝑡𝑖𝑣𝑒𝑜𝑛𝑛𝑎𝑡𝑖𝑣𝑒=  = -

0.143 [-0.286, -0.004]; Fig. 4b; Table S4). In addition, allelopathic effects between 

two naturalized aliens tended to be less negative (+13.2%) than allelopathich effects 

between two natives (ln𝑅𝑅𝑛𝑎𝑡𝑢𝑟𝑎𝑙𝑖𝑧𝑒𝑑𝑜𝑛𝑛𝑎𝑡𝑢𝑟𝑎𝑙𝑖𝑧𝑒𝑑−𝑛𝑎𝑡𝑖𝑣𝑒𝑜𝑛𝑛𝑎𝑡𝑖𝑣𝑒= 0.124 [-0.011, 

0.260]; Fig. 4b; Table S4), although this was only marginally significant. 
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Figure 4 Effects of evolutionary history on allelopathy. a. Effect of phylogenetic 

distance between allelopathy and test species on allelopathy. The curve of the 

estimated effect is shown with its 95% credible interval. b. Effects of origin of 

allelopathy and test species on allelopathy when tested with the leachate method. 

Effects of native, non-naturalized alien and naturalized alien allelopathy species are 

shown in dark blue, light blue and orange. For each category (parameter), the 

posterior distribution is plotted with the mean and 95% credible interval. The text on 

the right displays the mean, 95% credible interval (CI), and the number of 

observations and papers (k). Negative values of the effect size (ln𝑅𝑅) indicate that 

allelopathy inhibits plant performance. An asterisk indicates significant difference 

between reference level (native on native) and the other. 



 

85 

 

 Publication bias 

The funnel plot of the meta-analysis residuals is asymmetric (Fig. 5a), suggesting 

some publication bias in the literature. In particular low-precision studies are more 

likely to report strong negative than strong positive effects, suggesting that the latter 

are less likely to be published. The presence of a publication bias is confirmed by 

Egger’s regression, as the intercept differed significantly from zero (Intercept = -

1.485 [-1.704, -1.266]). However, we did not find a significant relationship between 

effect size and year of publication (Fig. 5b).  

 

 

Figure 5 Tests of publication bias for the allelopathy studies used in our meta-

analysis. a. Funnel plot of the study precision (inverse of standard error) vs. the 

residuals of the meta-analysis. The asymmetry at low levels of precision indicates the 

presence of a publication of bias. The dashed line was added as visual reference for 

symmetry. A few data points with extremely high precision are not plotted to aid 

visualization and a complete plot is provided in the supplement (Fig. S3). b. The 

effect size vs. the year of study revealed no significant relationship. 
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Discussion 

Overall, allelopathy reduced plant performance by 25%. By comparison, 

competition - which might also include allelopathic effects - reduces plant 

performance by 43% (Lekberg et al. 2018), and herbivores consume 5% of leaf 

tissues produced annually by plants (Turcotte et al. 2014). Therefore, allelopathy can 

be a significant biological force affecting the germination and growth of plants, and 

consequently the population dynamics of species and community assembly. However, 

the variation in magnitude and direction of allelopathy is high. Allelopathy was more 

negative when tested with plant residues than with leachates, and was less negative 

when tested with soil. Furthermore, the negative effect of allelopathy, generally, 

became weaker with study duration, and increasingly stronger with the concentration 

of leachates or residues. Allelopathy was not significantly related to life span, life 

form and domestication of the two plant species. However, allelopathy became 

slightly but significantly more negative when phylogenetic distance between 

allelopathy and test species increased. In addition, native plants suffered more from 

leachates of naturalized alien plants than from leachates of other native plants, and 

effects of naturalized alien plants on each other were weak.  

Effects of study design on allelopathy 

Allelochemicls can be released into the environment by leaching from plants by 

rain, decomposition of plant residues, exudation from roots and volatilization (Fig. 1). 

Our meta-analysis revealed that the effects of exudates and volatiles did not differ 

from those of leachates, but that plant residues had the most negative effect on plant 

performance. As the leachates are usually made by soaking plant material in water for 

c. one day, smaller amounts of chemicals might be released than from residues. The 



 

87 

 

leachates treatment is nevertheless not unrealistic, because in nature leaching may 

only happen during short periods when it rains. Moreover, while leachates contain 

only water-soluble chemicals, residues could additionally release non-water soluble 

secondary metabolites, which increases the likelihood that some of those are toxic to 

test plants. In support of this idea, studies that extracted different fractions of plant 

secondary metabolites showed that fat-soluble chemicals exerted stronger negative 

effects than water-soluble ones (Table S9). 

Studies that used soils on which allelopathy plants had grown, had weaker 

negative effects than those that used leachates. Possibly, this indicates the effect of 

soil microbes on allelopathy (Mishra et al. 2013). Unlike allelopathy studies that used 

other methods (Table 1), about 90% of the studies that applied the soil method used 

soils collected in nature, and thus had soil microbes. A recent study found that a 

bacterial species (Arthrobacter sp. ZS) isolated from soil greatly increased the 

degradation of allelochemicals produced by Ageratina adenophora (Li et al. 2017). 

This suggests that soil microbes might neutralize the effect of allelopathy. This could 

also explain our finding that allelopathy was on average more strongly negative in 

indoor experiments than in outdoor ones, where soil microbes are probably more 

diverse and abundant. It is worth noting that few if any studies that used the soil 

method have ruled out the effect of the allelopathy plant on soil microbes through 

primary metabolites, which are not involved in allelopathy but could bias the test. For 

example, consider an allelopathy species that has a negative effect through 

allelochemicals but fosters, through primary metabolites, arbuscular mycorrhiza fungi. 

The net effect on the test species might be neutral, and we might wrongly conclude 

that there was no allelopathy. So, future research needs to account for effects of soil 

that are not due to allelopathy. 
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Across the different types of methods, seed germination was less inhibited by 

allelopathy than plant growth was. This finding is not surprising given that seed 

germination is mainly determined by seed viability and abiotic environments, 

including temperature, water and oxygen concentrations (Bonnewell et al. 1983), 

which are unlikely to be affected by the allelopathy treatments. In contrast to the 

overall pattern, studies that tested allelopathy with plant residues showed that growth 

was less negatively affected than seed germination. As we also found that plants were 

less inhibited by litter than by fresh biomass, one potential explanation could be that 

plant residues (especially litter) also have a fertilization effect that partly compensates 

the inhibition of plant growth by allelochemicals. Still, effect of allelopathy on fitness 

remains unclear as fitness was rarely measured. 

The negative effect of allelopathy diminished with increasing duration of the 

experiment, and was absent in most studies that lasted more than 89 days. Possibly, 

plastic responses of the test plants allow them to compensate for the early negative 

effects. This could suggest that allelopathy has no long-term impacts. However, if the 

plants also physically interact, like in nature, the allelopathy species could turn the 

short-term germination and growth inhibition of its competitors - which gives the 

allelopathic species more access to resources such as light - into a long-term 

competitive advantage (e.g. priority effect in Fukami et al. 2005). As long-term 

experiments are still rare and allelopathy is rarely tested in combination with other 

forms of competition (e.g. resource competition, but see studies that used the 

activated carbon method), this speculation requires further research. 

As expected, the inhibitory effect of allelopathy became stronger with increasing 

concentrations of leachates and residues. An important question then is whether the 

concentration chosen is realistic. The few studies that give clues (Facelli and Carson 
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1991, San Emeterio et al. 2004, Chave et al. 2010, Overholt et al. 2012, Aguilera et al. 

2015) show that the annual amount of plant litter varies largely among study sites, 

ranging from 43 to 884 g/m2. Based on this range of concentration, our model predicts 

that allelopathy through plant residues will reduce plant performance by 2.7% ~ 

31.8%, if we assume that the litter ends up in the upper 10 cm of soil and soil bulk 

density is 1.5 g/cm3 (Martín et al. 2017). By comparison, our analysis of the residue 

method showed that allelopathy reduced plant performance by 50% across 

concentrations (intercept in Table S4). Consequently, the inhibitory effect of 

allelopathy might be overestimated by some studies that have used unrealistically 

high concentrations. Towards a more realistic understanding of allelopathic effect, 

studies that identify the allelochemicals and measure the corresponding 

concentrations in the soil are necessary. 

Effects of biological trait on allelopathy 

Allelopathy was not related to life span, life form or domestication of the species. 

This was unexpected, because many textbook examples of allelopathy are from long-

lived trees, such as Juglans nigra (black walnut; Jose and Gillespie 1998) and 

Ailanthus altissima (tree-of-heaven; Heisey 1990). Moreover, farmers have long been 

annoyed by weed interference on crop yield. The reported strong negative effects of 

some long-lived woody species in nature might come from the accumulation of large 

amounts of allelochemicals over time, whereas short-lived weedy species leave fewer 

allelochemicals due to their short generation time and high spatial turnover. When 

differences in strength of allelopathy between species with different life histories are 

only due to differences in accumulation of allelochemicals, and not due to differences 

in toxicity, these differences will not be apparent in short-term experiments with 

standardized amounts of plant material. On the other hand, the sometimes reported 
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vulnerability of crops might be a result of the crops being grown in monoculture, 

resulting in a low diversity of allelochemicals, and consequently al lower resistance 

against invasion by weeds. 

Effects of evolutionary history on allelopathy 

Charles Darwin suggested that closely related species are more ecologically 

similar, and thus will compete more strongly with each other than when they compete 

with distantly related species (known as Darwin’s naturalization hypothesis; Darwin 

1859). With regard to allelopathy, we found the opposite pattern, i.e. that closely 

related species (or individuals of the same species) had weaker effects on each other 

than distantly related species. This finding does not challenge Darwin’s naturalization 

hypothesis, as the hypothesis is mainly based on resource competition, whereas 

allelopathy is a form of interference competition. However, the possibly opposing 

effects of phylogenetic distance on interference and resource competition could help 

explain why studies testing Darwin’s naturalization hypothesis have not found 

consistent results (Thuiller et al. 2010). 

Still, ecological difference between species, or more specifically the difference in 

secondary metabolites, cannot be fully captured by phylogenetic distance (Pichersky 

and Lewinsohn 2011, Huang et al. 2016, Cadotte et al. 2017). Secondary metabolites 

are under selection by competitors and enemies (Uesugi and Kessler 2013, Zheng et al. 

2015), and thus plants that evolved in different regions (i.e. native and alien plants) 

may not be adapted to each other’s allelochemicals. This might give the alien plants 

an advantage as posed by the novel-weapons hypothesis (Callaway and Ridenour 

2004) or increase biotic resistance of native communities as posed by the homeland-

security hypothesis (Cummings et al. 2012, Ning et al. 2016). Although across all types 
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of methods we did not find that the origins of the interacting species mattered, in the 

studies that used leachates, natives were more strongly inhibited by naturalized aliens 

than by other natives. On the other hand, the effect of natives on others did not depend 

on the native-alien status of the other species. So, these findings are in line with the 

predictions of the novel-weapons hypothesis but not with the predictions of the 

homeland-security hypothesis.  

Surprisingly, although naturalized aliens usually do not share a co-evolutionary 

history with other naturalized aliens (unless they have the same native range), their 

leachates had weaker effects on each other than was the case for the effects of natives 

on other natives (Fig. 4b). The exact reason for this is not clear, but it could imply that 

naturalized species are less likely to suppress other naturalized species than that they 

suppress natives. This could contribute to invasional meltdown (Simberloff and Von 

Holle 1999). 

Future directions 

Our meta-analysis of 16,846 effects sizes from 384 studies revealed some clear 

patterns, but also that there is still lots of unexplained variation in the effects of 

allelopathy. The explanatory variables regarding study design, and biological traits 

and evolutionary history of the species accounted for only 3.5% of the variance, and 

26.1%, 13.1% and 7.1% of the variance was explained by identity of study, test and 

allelopathy species, respectively. This means that about 50% of variance remains 

unexplained. Although this partly reveals the prevalence of heterogeneity in ecology 

and evolution in general, it might also indicate that some other potentially important 

explanatory factors were not included. Below we suggest several directions for future 
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research that might help to better understand which factors determine the direction 

and strength of allelopathy. 

 Positive effects of allelopathy. Molisch (1937) defined allelopathy as the 

positive or negative effects resulting from biochemical interactions. However, Rice, in 

the first edition of his influential book ‘Allelopathy’, restricted the definition to 

harmful effects (Rice 1974). Although in the second edition, Rice re-embraced 

Molisch’s definition, the narrow-sense definition of allelopathy may explain the 

publication bias in favor of studies that found negative effects. As a result, some of 

our findings might be biased. For example, if studies that tested low concentrations of 

allelochemicals found positive effects, they might not have published this result or the 

publication might not use the term ‘allelopathy’. Actually, in the field of agriculture 

and horticulture, there is already interest in plant extracts (so-called biostimulants or 

bioeffectors) that could stimulate crop production (Wise et al. 2020). Due to the bias 

in publication of positive effects, non-monotonic effect of concentration, if present, 

might be hard to detect using meta-analysis. Therefore, to move towards a more 

accurate understanding of allelopathy, we should follow Molisch’s original definition 

of allelopathy, which covers both positive and negative effects. 

The role of soil microbes. Soil microbes have long been acknowledged to 

mediate allelopathy (Molisch 1937, Rice 1984, Cheng and Cheng 2015). For example, 

Stinson et al. (2006) showed that allelochemicals of the non-mycorrhizal European 

invader Alliaria petiolata suppressed growth of native North American plants by 

disrupting their mutualistic mycorrhizal associations. Microbes might, however, also 

be in other ways a missing link in studies, especially indoor ones, that test for 

allelopathic interactions between alien and native species. In a greenhouse experiment, 

for example, the environment will be novel to both alien and native species, and soil 
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microbes might be absent or foreign to both the alien and native species. Yet, 

empirical tests that specifically test the effects of soil microbes on allelopathic 

interactions between plants are still rare. Four out of five direct tests found that the 

presence of soil microbes had neutralizing effects on allelopathy (Wu et al. 2008, 

Lankau 2009, Zhu et al. 2011, Corbett and Morrison 2012, Del Fabbro and Prati 

2015). Moreover, our meta-analysis showed that allelopathy was less negative when 

soil microbes were likely abundant, as in outdoor experiments or studies that used the 

soil method. However, these results should be interpreted with caution, because our 

finding provides only indirect evidence, and because three of the direct tests removed 

soil microbes with autoclaving, which as a side effect can release nutrients (Alphei 

and Scheu 1993). Inoculation with soil microbes or ionizing radiation might be more 

appropriate methods to manipulate the presence or amount of microbes. In addition, 

with sequencing techniques becoming more and more affordable, we have more and 

better tools to study the soil microbiome and its role in allelopathy. 

Test species. Much of the work on allelopathy has focused primarily on the 

allelopathy species, as indicated by the fact that fast-growing crops (e.g. lettuce, 

wheat and rice) have been frequently used as test (i.e. indicator) species. We found, 

however, that the identity of test species explained nearly twice as much variance in 

the effects of allelopaty as the identity of allelopathy species did (13.1% v.s. 7.1%). 

Therefore, a stronger focus on the test species may provide new insights. Indeed, how 

test species respond to allelopathy is important in many circumstances, such as during 

succession and establishment of alien plants. If a species enters a certain community 

as a single individual, its establishment will initially, due to its low abundance, hardly 

depend on how strongly it can affect other species. What matters then is how the 

individual responds to the communities (e.g. allelopathic effects of the resident plants 
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on the invader). This is a key component of invasion growth rate (or growth rate when 

rare; Grainger et al. 2019). 

The ecological and evolutionary significance of allelopathy. Although we found 

that allelopathy was on average negative in experiments done under controlled 

conditions (i.e. in Petri-dishes, growth chambers or greenhouses), it was non-

significant in experiments under semi-natural conditions (i.e. in outdoor gardens or 

agriculture systems), where there were more organisms, interactions and 

environmental stochasticity. This conclusion is still premature, because we found a 

negative effect of allelopathy in experiments done under natural conditions, though 

with a wide 95% confidence interval; and because experiments under semi-natural or 

natural conditions are rare (e.g. 16 studies in our meta-analysis). Therefore, more 

experiments under natural conditions are needed to understand the ecological 

significance of allelopathy. In addition, secondary metabolites have functions other 

than allelopathy, such as anti-herbivory defense (Lankau & Kliebenstein 2009). To 

understand the evolutionary significance of allelopathy, we require tests of whether 

the allelopathic effect is selected by competition per se or is a pleiotropic effect of 

secondary metabolites that are selected by herbivory. 

Uses of multiple literature search engines. For our meta-analysis, we searched 

the ISI Web of Science for allelopathy studies. However, other search engines may 

identify additional studies. Indeed, a search a posteriori using the same search string 

as we used in Web of Science revealed that Scopus could potentially provide more 

studies (Supplement S6). Therefore, although our meta-analysis includes already a 

large number of studies (384) across the globe, broader searches (e.g. by combining 

ISI Web of Science, Scopus and China National Knowledge Infrastructure) could 
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allow more general conclusions (Yu et al. 2016), and should be considered for future 

meta-analyses. 

Conclusions 

Studies on allelopathy have rapidly accumulated since the 1970s. Despite the 

detection of a potential publication bias, our global synthesis demonstrates that, on 

average, allelopathy reduced plant performance. Among the four pathways through 

which allelochemicals are released into the environment, plant residues exerted the 

most negative effect. Still, the importance of allelopathy in nature requires further 

investigation, as allelopathic effects were weaker in studies where soil microbes were 

likely to be abundant, and when study duration was longer. Finally, we found that 

allelopathic effects were weaker between closely related species (or individuals of the 

same species) than between distantly related species. This suggests that allelopathy 

would favor coexistence of closely related species (or dominance of single species), 

which is opposite to the predicted effect of resource competition. Therefore, 

investigating allelopathy and resource competition jointly may explain the mixed 

outcomes of species coexistence. 
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Supplementary materials  

Supplement S1 Overview of published allelopathy studies. 

 

Figure S1 Temporal trends in studies of allelopathy. Only studies that were included 

in our final dataset are shown. As a reference, the temporal trends of publications on 

ecology between 1992 and 2017 (by searching Web of Science with the string ‘topic 

= ecology’) were added after scaling. The red vertical line indicates the publication of 

Callaway & Aschehoug 2000, which stimulated the allelopathy research. The blue 

vertical line indicates the year when retractions of several allelopathy studies started. 

LOESS curves have been added to aid visual interpretation. 
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Figure S2 A boxplot showing the study duration for each type of method (see Table 1) 

used to study the effects of allelopathy. The width of the boxplot is proportional to the 

number of studies.  
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Supplement S2 The results based on the broader definition of crop 

Table S1 Output of the model testing effects of study design, biological traits and 

evolutionary history on effect sizes (ln RR) of allelopathy. Here, we classified all 

species with a known economic-use as crops. 

  



 

100 

 

Supplement S3 The phylogenetic tree for all species included in the meta-analysis 
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Supplement S4 Heterogeneity 

The model 

The model of our meta-analysis can be written as: 

𝑧𝑖 =𝑢𝑖 + 𝑝𝑗[𝑖] +𝑎𝐴𝑘[𝑖] +𝑎𝑇𝑙[𝑖] + 𝑠𝐴𝑘[𝑖] +𝑠𝑇𝑙[𝑖] +𝑚𝑖 +𝑒𝑖 

𝐩~N(𝟎, 𝜎𝑝
2𝑰) 

𝒂𝑨~N(𝟎, 𝜎𝑎𝐴
2 𝑨𝑨) 

𝒂𝑻~N(𝟎, 𝜎𝑎𝑇
2 𝑨𝑻) 

𝐬𝑨~N(𝟎, 𝜎𝑠𝐴
2 𝑰) 

𝐬𝑻~N(𝟎, 𝜎𝑠𝑇
2 𝑰) 

𝐦~N(𝟎,𝐌) 

𝐞~N(𝟎, 𝜎𝑒
2𝑰) 

where 𝑧𝑖  is the effect size of observation i, and 𝑢𝑖  is its estimated effect size 

according to explanatory variables (e.g. when there is no explanatory variable, it is the 

intercept). 𝑝𝑗[𝑖]  is the study specific effect of study j. 𝑎𝐴𝑘[𝑖]  and 𝑎𝑇𝑙[𝑖]  are the 

phylogenetic effects of allelopathy species k and test species j, respectively. 𝑠𝐴𝑘[𝑖]  and 

𝑠𝑇𝑙[𝑖]  are the specific effects of allelopathy species k and test species j, respectively. 

Note that these two represent the non-phylogenetic part. 𝑚𝑖 is the sampling error of 

the observation i, and 𝑒𝑖  is the residual. The sum of 𝑚𝑖  and 𝑒𝑖  is the meta-analytic 

residual. 
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𝜎𝑝
2 is the between-study variance, which is estimated from the data. 𝜎𝑎𝐴

2  and 𝜎𝑎𝑇
2  

are the phylogenetic variance of allelopathy and test species, respectively. 𝑨𝑨  is a 

Nallelopathy_species by Nallelopathy_species phylogenetic correlation matrix for allelopathy 

species, and 𝑨𝑻 is a Ntest_species by Ntest_species phylogenetic correlation matrix for test 

species. 𝜎𝑠𝐴
2  and 𝜎𝑠𝑇

2  are the between-species variance for allelopathy and test species, 

respectively. M is a Nobservation by Nobservation matrix with diagonal being the sampling 

error variance of each observation. 𝜎𝑒
2 is the between-observation variance (or within-

study variance). 

 

Calculation of heterogeneity and phylogenetic signal. 

Total heterogeneity (𝜎𝑡
2) is calculated as: 

𝜎𝑡
2 =𝜎𝑝

2 +𝜎𝑎𝐴
2 + 𝜎𝑎𝑇

2 +𝜎𝑠𝐴
2 +𝜎𝑠𝑇

2 + 𝜎𝑚
2 +𝜎𝑒

2 

where  

𝜎𝑚
2 =∑𝑤𝑖(𝑛 − 1) / [(∑𝑤𝑖)

2

−∑𝑤𝑖
2] 

w is the inverse of sampling error variance and n is the number of observations. 

All other symbols are as above. 

Then, the amount of heterogeneity at study (𝐼𝑝
2), allelopathy species (𝐼𝑠𝐴

2 ), test 

species (𝐼𝑠𝑇
2 ) and within-study (𝐼𝑒

2) levels are calculated as: 

𝐼𝑝
2 =𝜎𝑝

2/𝜎𝑡
2 

𝐼𝑠𝐴
2 =𝜎𝑠𝐴

2 /𝜎𝑡
2 
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𝐼𝑠𝑇
2 =𝜎𝑠𝑇

2 /𝜎𝑡
2 

𝐼𝑒
2 =𝜎𝑒

2/𝜎𝑡
2 

and phylogenetic signal of allelopathy species (𝐻𝑎𝐴
2 ) and test species (𝐻𝑠𝐴

2 ) are 

calculated as: 

𝐻𝑎𝐴
2 =𝜎𝑎𝐴

2 /(𝜎𝑡
2 − 𝜎𝑚

2 ) 

𝐻𝑎𝑇
2 =𝜎𝑎𝑇

2 /(𝜎𝑡
2 − 𝜎𝑚

2 ) 
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Table S2 Amount of heterogeneity and phylogenetic signal of the intercept-only 

meta-analysis. 

 

 Estimate L95%CI U95%CI 

Study 26.24% 22.09% 30.74% 

Species (allelo) 7.05% 4.75% 8.97% 

Species (test) 13.00% 10.08% 16.20% 

Observation 53.63% 50.00% 57.29% 

Phylogenetic signal 

(allelo) 
<0.01% <0.01% 0.01% 

Phylogenetic signal (test) 0.02% <0.01% 0.04% 
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Supplement S5 Sources of variance in allelopathy for each method 

We ran meta-regression models for each of the seven methods that were used to 

test allelopathy (Table 1). The model for leachate and residue method are described in 

the main text. The other five models are similar. The explanatory variables included 

in each of the five model are shown in Table S3, and the results for each of the seven 

models are shown in Tables S4-S10. 

Table S3 Explanatory variables for each model are indicated by ‘Y’.   

 Variables 
Exud

ate 

Volat

ile 
Soil 

Activ

ated 

carbon 

Solve

nt 

extraction 

Study 

design 

Measurement Y Y Y Y Y 

Experiment 

environment 
   Y  

Study duration Y Y Y Y Y 

Concentration     Y 

Solvent     Y 

Biologi

cal traits 

Life span 

(allelo) 
Y Y Y Y  

Life form 

(allelo) 
Y Y Y Y  

Domestication 

(allelo) 
Y Y Y Y  

Life span (test) Y Y Y Y  

Life form (test) Y Y  Y  

Domestication 

(test) 
Y Y Y Y  

Evoluti

onary 

history 

Phylogenetic 

distance 
Y Y Y Y Y 

Origin Y Y Y Y Y 

aIn the model for soil method, life form of test species was not included due to 

low number of studies that tested woody species. 
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bIn the model for solvent-extraction method, biological traits were not included 

due to their collinearity with study duration and origin of species. The model also 

included ‘type of solvent’, as the extraction were prepared with different types of 

solvents. 
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Table S4 Effects of study design, biological traits and evolutionary history on effect 

sizes (ln RR) of allelopathy in the leachate method. Shown are the model estimates 

and standard errors as well as the lower (L) and upper (U) values of the 95% and 90% 

credible intervals (CI).   

 

Aplantpart: bb, belowground biomass; tb, total biomass. 
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Table S5 Effects of study design, biological traits and evolutionary history on effect 

sizes (ln RR) of allelopathy in the residue method. 
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Table S6 Effects of study design, biological traits and evolutionary history on effect 

sizes (ln RR) of allelopathy in the exudate method.  
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Table S7 Effects of study design, biological traits and evolutionary history on effect 

sizes (ln RR) of allelopathy in the volatile method. 
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Table S8 Effects of study design, biological traits and evolutionary history on effect 

sizes (ln RR) of allelopathy in the soil method. 
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Table S9 Effects of study design, biological traits and evolutionary history on effect 

sizes (ln RR) of allelopathy in the activated carbon method. 

  



 

113 

 

Table S10 Effects of study design, biological traits and evolutionary history on effect 

sizes (ln RR) of allelopathy in the solvent-extraction method. 

 

Types of solvents (from low to high polarity): a: Hexane (reference level); b: Diethyl 

ether; c: Ethyl acetate; d: Dichloromethane; e: n-Butanol; f: Methanol; g: water (the 

remaining fraction after extracted by organic solvents).  
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Supplement S6 Potential additional studies from Scopus 

We searched Scopus with the string ‘Allelopath* AND plant’, and we identified 

3,312 studies after restricting the search to articles and after removing studies from 

the Allelopathy Journal (which we had screened all). When we used the same search 

string and same restrictions (articles only, and excluding studies from the Allelopathy 

Journal) in WoS, we identified 2,681 studies. Of those studies, 1,776 (66%) were 

identified by both search engines. However, most studies that provided suitable data 

came from the overlap between the results of the two search engines (11.5% vs 7.0%). 

In other words, studies identified by both search engines are more likely to pass our 

selection criteria than the other. Therefore, although we might get some more studies 

with suitable data if we include the Scopus search, we believe that with a total of 384 

studies (providing 16,810 data points) in our current analysis we have included most 

of the literature.  
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Supplement S7 The complete funnel plot. 

 

Figure S3 Funnel plot of the study precision (inverse of standard error) vs. the 

residuals of the meta-analysis. 
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Chapter 3 Soil-microbes-mediated invasional meltdown in 

plants 

Zhijie Zhang, Yanjie Liu, Caroline Brunel, Mark van Kleunen 

Nature Ecology and Evolution, DOI: 10.1038/s41559-020-01311-0 

 

Abstract 

While most alien species fail to establish, some invade native communities and 

become widespread. Many of these communities have been invaded by multiple 

aliens, suggesting that aliens may cause invasional meltdowns. Here, we tested 

whether and how a third plant species affects the competitive outcome between alien 

and native plants through its soil legacy. We first conditioned soil with one of ten 

species (six natives and four aliens) or without plants. Then, we grew on these 11 

soils, five aliens and five natives without competition, and with intra- or interspecific 

competition (all pairwise alien-native combinations). We found that aliens were not 

more competitive than natives when grown on soil conditioned by other natives or on 

non-conditioned soil. However, aliens were more competitive than natives on soil 

conditioned by other aliens. Although soil conditioning rarely affected the strength of 

competition between later plants, soil conditioned by aliens changed the competitive 

outcomes by affecting growth of aliens less negatively than that of natives. 

Microbiome analysis confirmed this finding by showing that the soil-legacy effects of 

one species on later species were less negative when their fungal endophyte 

communities were less similar; and that fungal endophyte communities were less 

similar between two aliens than between aliens and natives. Our study suggests that 



 

118 

 

coexistence between aliens and natives is less likely with more alien species. Such 

invasional meltdown is likely mediated by spill-over of fungal endophytes, some of 

which are pathogenic. 

 

Keywords: competition, endophytes, enemy release, alien species, multispecies, 

novelty, plant-soil feedback, soil biota  
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Introduction 

Accumulation of alien species and their potential threads to biodiversity are 

pressing an answer to what determines invasion success of aliens (Vilà et al. 2011, 

Seebens et al. 2017, van Kleunen et al. 2018). Charles Elton, in his famous book, 

posited superior competitive ability as one of the mechanisms (Elton 1958). Since 

then, hundreds of experiments have studied competition between native and alien 

species, confirming that many successful alien species are indeed more competitive 

than natives (Kuebbing and Nunez 2016, Golivets and Wallin 2018, Zhang and van 

Kleunen 2019). Most studies, however, focused on pairwise interactions (Fig. 1a; 

White et al. 2006; but see Aschehoug and Callaway 2015, Sotomayor and Lortie 2015, 

Feng and van Kleunen 2016 for studies of multispecies interactions), although in 

nature most species interact with multiple species. Moreover, interactions between 

alien species have also been frequently observed (Stotz et al. 2019). In many cases, 

aliens appear to favor other aliens over natives (Kulmatiski et al. 2006, Wardle and 

Peltzer 2017), a phenomenon called invasional meltdown (Simberloff and Von Holle 

1999). Still, invasional meltdown has so far mainly been studied in pairs of alien 

species without considering interactions with native species (Simberloff 2006, Braga 

et al. 2018). Therefore, the competitive outcome between alien and native species in 

multispecies communities remains unknown.  

A major challenge in community ecology is to predict competitive outcomes in 

multispecies communities (e.g. to predict which species will dominate). Many studies 

suggest that outcomes in multispecies communities could be predicted from two-

species systems, by assuming that interactions remain pairwise in all systems (May 

1972, Godoy et al. 2017, Maynard et al. 2020). For a hypothetical example, consider 
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adding a third species into a two-species community (Fig. 1b). If we know from 

previous pairwise experiments that the third species strongly suppresses one of the 

two species, we would predict that it will indirectly release the other species from 

competition. Although this ‘bottom-up’ approach has been supported by several 

experiments on microbes (Vandermeer 1969, Friedman et al. 2017), the effect of one 

competitor on another (i.e. the strength of competition) can be changed by a third 

species (Case and Bender 1981, Levine et al. 2017) (Fig. 1c & d). For example, it was 

shown that Skeletonema costatum, a cosmopolitan diatom, does not directly affect the 

growth of Karenia brevis, a dominant dinoflagellate in the Gulf of Mexico, but 

undermines the allelopathic effects of K. brevis (Prince et al. 2008). This would also 

lessen the effect of K. brevis on other phytoplankton species, and interactions might 

consequently not always remain pairwise. Therefore, we need to test how the 

competitive outcome between alien and native species is affected by other species 

explicitly.  
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Figure 1 Graphical illustration of how a third species affects competitive outcomes 

between two species through soil microbes. a, In the pairwise competition, species 2 

suppresses species 1. Consequently, species 2 is more competitive, as indicated by its 

larger size. b, Through modifying soil microbes (α; black arrow), species 3 favors 

species 1 by suppressing species 2 (βalone). Now species 1 is more competitive, as 

indicated by its larger size. c, Species 3 does not suppress species 2, but favors species 

1 by lessening the suppression of species 2 on species 1 (βinter; indicated by the thinner 

red arrow). d, Species 3 favors species 1 by increasing the suppression of species 2 on 

itself (βintra; indicated by the presence of a curved red arrow). The overall effect of the 

third species on competitive outcomes between species 1 and 2, βtotal, is the net effect 

of βalone, βinter and βintra. 
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Competition occurs through different processes, which makes it challenging to 

study. The most widely studied process is resource competition (Tilman 1982), partly 

because competition for space, food and other resources is the most intuitive. 

Nevertheless, growing evidence shows that resource use alone cannot always explain 

success of alien species (Godoy et al. 2011, Dawson et al. 2012, Liu and van Kleunen 

2019). Competition can also act through other trophic levels. This so-called apparent 

competition (Holt 1977) has been extensively studied in systems in which plants 

affect others through shared aboveground herbivores (White et al. 2006, Sotomayor 

and Lortie 2015). The last two decades, however, has also seen an increased interest 

in apparent competition mediated by soil microbes. More and more studies reveal that 

plants modify soil microbes with consequences for their own development, and 

affecting plants that grow subsequently on the soil (Bever et al. 1997, Kardol et al. 

2007, Kulmatiski et al. 2008, Latz et al. 2012, Lekberg et al. 2018), a mechanism that 

we hereafter refer to as a soil-legacy effect.  

Studies on soil-legacy effects have opened up new avenues to test mechanisms of 

plant invasion (Dawson et al. 2016), such as enemy release (Callaway et al. 2004, 

Kuebbing et al. 2015, Ke and Wan 2020) and novelty of aliens (Darwin 1859, 

Callaway et al. 2008). Based on these mechanisms, we would expect that the origin 

(alien or native) of the third species matters in how they affect competitive outcomes 

between alien and native species. First, enemy release posits that alien plants are 

released from their enemies (Keane and Crawley 2002), and therefore soil conditioned 

by alien plants should accumulate few soil pathogens. Consequently, aliens would 

free natives that grow later on that soil from pathogens, unless they accumulate 

pathogens that are highly toxic to natives (Mangla and Callaway 2008). However, if 

aliens grow later on the soil, they might not be affected because they are already 
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released from pathogens. Following this logic, soil conditioned by aliens would 

subsequently favor natives over aliens. Second, natives are familiar to (i.e. co-evolve 

with) each other, whereas aliens and natives are novel to each other (i.e. lack of 

coevolution) (Darwin 1859, Saul and Jeschke 2015). Therefore, natives should 

accumulate soil pathogens that are more likely shared with other natives than with 

aliens. Following this logic, soil conditioned by natives would subsequently favor 

aliens over natives. Whether these two expectations hold remains unknown. 

As the competitive outcomes between alien and native plants in multispecies 

communities remains unclear, we tested this with a large multi-species experiment 

(Fig. 2). We first conditioned soil with one of ten species (six natives and four aliens; 

Supplementary Table 1) or, as a control, without plants. Then, on each of these 11 

soils, five alien and five native test species (Supplementary Table 1) were grown 

without competition, or with intraspecific or interspecific competition, using all 

pairwise alien-native combinations. To assess the potential role of microbes, we also 

analyzed the relationship between soil communities and soil-legacy effects. We 

addressed the following questions: (1) Do soil-conditioning species (third species) 

affect the competitive outcome between later alien and native test species through 

soil-legacy effects (βtotal, the net effect of βalone, βinter and βintra in Fig. 1), and does the 

origin (native or alien) of the third species matter? (2) If so, do soil-conditioning 

species affect competitive outcomes by affecting growth of test species (βalone), or by 

affecting the strength of competition (βinter and βintra)? (3) Does the variation in soil 

microbial communities among the conditioned soils explain the variation in soil-

legacy effects? 
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Materials and Methods 

 

Figure 2 Graphical illustration of the experimental design. In the soil-conditioning 

phase, soil was conditioned by one of ten species (either alien or natives), or not 

conditioned. Then, test species were grown on each of these 11 soils alone or with 

intra- or interspecific competition. Soil was sampled and sequenced after conditioning. 

Plants grown alone (units 1-2) were used to test how soil-conditioning species 

affected the growth of test species (βalone in Fig. 1). The differences between plants 

grown in competition (units 3-5) and the ones grown alone were used to test how soil-

conditioning species affected the strength of intra- and interspecific competition (βinter 

& βintra). Aboveground biomass across competition treatments indicated competitive 

outcomes (i.e. aliens are considered more competitive than natives when they had a 

higher aboveground biomass across units 1-5), and were used to test how soil-

conditioning species affected competitive outcomes (βtotal). Species marked with 

asterisks were only used in test phase. Species with daggers were only used in soil-

conditioning phase. Others were used in both phases. 
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Study location and species 

We conducted our experiment in the Botanical Garden of the University of 

Konstanz, Germany (47.69oN, 9.18oE). We conditioned soil with one of four plant 

species that are naturalized aliens in Germany and six plant species that are native to 

Germany. For these 10 soil-conditioning species, we tested their soil-legacy effects on 

five naturalized alien and five native species (test species; Supplementary Table 1). 

The soil-conditioning and test species partly overlapped, and in total we used seven 

alien and six native species. We used multiple species to increase our ability to 

generalize the results (van Kleunen et al. 2014). The classification of the species as 

natives or naturalized aliens in Germany was based on the FloraWeb database 

(Bundesamt für Naturschutz 2003). Among the seven alien species, three are native to 

North America, one to Southern Africa, and three to other parts of Europe (i.e. these 

three aliens originate from the same continent as the native species; Supplementary 

Table 1). All 13 species can be locally abundant and are widespread in Germany (i.e. 

occur in at least 30% regions in Germany, see Supplementary Table 1 for details). As 

widespread species are likely to have high spread rates, the alien species can be 

considered as invasive or probably invasive sensu Richardson et al. (2000b). All 

species mainly occur in grasslands and overlap in their distributions according to 

FloraWeb, and thus are very likely to co-occur in nature.  

Seeds of the native species and one of the alien species (Onobrychis viciifolia) 

were purchased from Rieger-Hofmann GmbH (Blaufelden-Raboldshausen, Germany). 

Seeds of the other species were from the seed collection of the Botanical Garden of 

the University of Konstanz. We initially planned to use the same species in the soil-

conditioning and test phases. However, in the soil-conditioning phase, seeds of one of 

the six native species (Cynosurus cristatus) were contaminated with other species, and 
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germination success of two aliens (Solidago gigantea and Salvia verticillata) was low. 

Therefore, we replaced these three species in the test phase with three alien species 

(Solidago canadensis, Senecio inaequidens and Epilobium ciliatum). 

Experimental setup 

Soil-conditioning phase 

From 18 June to 2 July 2018 (Supplementary Table 1), we sowed the four alien 

and six native soil-conditioning species separately into trays (10 cm × 10 cm × 5 cm) 

filled with potting soil (Topferde@, Einheitserde Co., Germany). Seeds were not 

sterilized. Because we wanted the different species to be in similar developmental 

stages at the beginning of the experiment, we sowed the species at different times 

(Supplementary Table 1), according to their germination timing known from previous 

experiments. We placed the trays in a greenhouse under natural light conditions, with 

a temperature between 18 and 25°C. 

For each species, we transplanted 135 seedlings individually into 1.5-L pots. 

This was done for eight out of ten species, and done from 9 to 11 July 2018. For the 

other two species, Sa. verticillata and So. gigantea, we transplanted 61 and 115 

seedlings, respectively, from 25 July to 12 August (Supplementary Table 1). This was 

because these two species germinated more slowly and irregularly than foreseen. We 

also added 330 pots that did not contain plants as a control treatment. In a complete 

design, we would have had 1680 pots. However, because we had fewer pots of C. 

cristatus. So. gigantea and Sa. verticillata, we ended up with 1521 pots. The substrate 

that we used was a mixture of 37.5% (v/v) sand, 37.5% vermiculite and 25% field soil. 

The field soil served as inoculum to provide a live soil microbial community, and was 

collected from a grassland site in the Botanical Garden of the University of Konstanz 



 

127 

 

on 12 June 2018. We removed plant materials and large stones by sieving the field 

soil through a 1-cm mesh, and immediately thereafter stored it at 4°C until the 

transplanting.  

After the transplanting, we randomly assigned the pots to positions in four 

greenhouse compartments (23°C/18°C day/night temperature, no additional light). 

Each pot sat on its own plastic dish to preserve water and to avoid cross-

contamination through soil solutions leaking from the bottoms of the pots. Seedlings 

that died within two weeks after transplanting were replaced by new ones. All pots, 

including both the ones with and without plants, were watered as needed, randomized 

twice across the four compartments, and fertilized seven times during the soil-

conditioning phase with an NPK water-soluble fertilizer (Universol Blue®, Everris, 

Germany) at a concentration of 1‰ m/v. From 22 to 26 October 2018, 15 weeks after 

the start of soil-conditioning phase, we harvested all soil. We cut aboveground 

biomass at soil level and freed the soil from roots by sieving it through a 5-mm mesh. 

The mesh was sterilized in between using 70% ethanol. For the pots in the control 

treatment, the soil was also sieved through the mesh. Then, we put the sieved soil of 

each pot separately into new 1-L pots, which were used in the test phase. So, as 

recommended by Brinkman et al. (2010) and Rinella and Reinhart (2018), we did not 

pool soil from different pots in order to ensure independence of replicates. The 

collected aboveground biomass was dried at 70°C to constant weight, and weighed to 

the nearest 1 mg.  

Test phase 

From 9 to 18 October 2018, we sowed the five alien and five native test species 

(Supplementary Table 1) in a similar way as we had done for the species of the soil-
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conditioning phase. On 29 and 30 October, we transplanted the seedlings into the 1-L 

pots filled with soil from the soil-conditioning phase. Three competition treatments 

were imposed (Fig. 2): 1) no competition, in which individuals were grown alone; 2) 

intraspecific competition, in which two individuals of the same species were grown 

together; 3) interspecific competition, in which one individual of an alien and one 

individual of a native species were grown together. We grew all ten species without 

competition, in intraspecific competition, and in all 25 possible native-alien 

combinations of interspecific competition. For the plants that were grown in non-

conditioned soil, we replicated each species without competition 12 times, and with 

intraspecific competition and each interspecific native-alien combination six times. 

For the plants that were grown on conditioned soil, we had three replicates for each 

combination of a competition treatment (10 without competition, 10 with intraspecific 

competition, 25 with interspecific competition) and soil-conditioning species (six 

native and four alien). Because we had fewer replicates for soil conditioned with C. 

cristatus, So. gigantea and Sa. verticillata, the final design had 1,521 pots (and 2,639 

individuals) in the test phase. 

We randomly assigned the pots to positions in three greenhouse compartments. 

Each pot sat on its own plastic dish. Seedlings that died within two weeks after 

transplanting were replaced with new ones. All plants were watered as needed, and 

fertilized four times during the test phase with the same fertilizer as that in the soil-

conditioning phase. The pots were re-randomized across the three compartments on 

10 December 2018. On 8 and 9 January 2019, ten weeks after the transplanting, we 

harvested all aboveground biomass of each plant. For the plants that were grown 

alone, we washed the belowground biomass free from soil. This could not be done for 

the plants with competition, as their roots were so tangled that we could not separate 
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them. The biomass was dried at 70°C to constant weight, and weighed to the nearest 1 

mg.  

Soil sampling, DNA extraction, amplicon sequencing and bioinformatics 

From 22 to 26 October 2018, when we harvested the soil from the soil-

conditioning phase, we randomly selected six pots of each of the ten soil-conditioning 

species. For each of these pots, we homogenized the soil and then put a random 

sample of 10-20 ml in sterile plastic tubes (50 ml). We additionally collected soil 

from six of the pots without plants. The 66 samples were immediately stored at -80 °C 

until DNA extraction.  

Details on the process of DNA extraction, amplicon sequencing and 

bioinformatics are described in Zhang et al. (accepted). In brief, we extracted DNA 

from 0.25 g of each soil sample using the DNeasy® PowerSoil® Kit (Qiagen, Hilden, 

Germany), following the manufacturer’s protocol. PCR amplifications and amplicon 

sequencing were then performed by Novogene (Beijing China). The V3-V4 region of 

bacterial 16S rDNA gene was amplified in triplicate with the universal primers 

341F/806R (forward primer: 5’-CCTAYGGGRBGCASCAG-3’; reverse primer: 5’- 

GGACTACNNGGGTATCTAAT-3’ (Klindworth et al. 2013)). The ITS2 region of 

the fungal rDNA gene was amplified in triplicate with the primers specific to this 

locus (forward primer: 5’-GCATCGATGAAGAACGCAGC-3’; reverse primer: 5’- 

TCCTCCGCTTATTGATATGC-3’ (Orgiazzi et al. 2012)).  

We processed the raw sequences with the DADA2 pipeline, which was designed 

to resolve exact biological sequences (Amplicon Sequence Variants). After 

demultiplexing, we removed the primers and adapter with the cutadapt (Martin 2011). 

We trimmed the 16S sequences to uniform lengths. Sequences were then dereplicated, 
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and the unique sequence pairs were denoised using the dada2 (Callahan et al. 

2016).We then merged paired-end sequences, and removed chimeras. We rarefied 

bacteria and fungi to 30,000 and 9,500 reads, respectively, to account for differences 

in sequencing depth. Three samples with lower reads for bacteria or fungi, and two 

samples with low amplicon concentrations for fungi were excluded from analyses. For 

fungi, we assigned the sequences to taxonomic groups using the UNITE (Nilsson et al. 

2018) database. Then, we identified putative fungal functional groups using the 

FUNGuild database (Nguyen et al. 2016). Sequence variants assigned to arbuscular 

mycorrhizal fungi (AMF), plant pathogens and endophytes represented respectively 

<0.1%, 11.4% and 15.7% of the total read abundance. Sixty-five sequence variants 

were assigned as both pathogens and endophytes, representing 6.3% of the total read 

abundance. This indicates that c. 40% of the assigned endophytes are pathogenic. 

Because assigned AMF had extremely low abundance and were not detected in 37 out 

of 62 soil samples, we did not analyze the AMF data. 

Statistical analyses 

All statistical analyses were done in R, version 3.6.1(R Core Team 2019). We 

provide the main information for each model in the main text, and details (e.g. 

random effects, variance structure) in Supplementary material 7. 

Analyses of plant performance 

To test whether soil-conditioning species affected competitive outcomes between 

alien and native species (βtotal, the net effect of βalone, βintra and βinter) and the strength 

of competition (βinter in Fig. 1c and βinter in Fig. 1d) in the test phase, we used a linear 

mixed-effect model (Model.plant.1), as implemented in the nlme(Pinheiro et al. 2018). 

The model included aboveground biomass of the test plants as the response variable, 
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and the soil-conditioning treatment (none, same species as the test species, native 

species, alien species), competition treatment (no, intra- and interspecific competition), 

origin of test species (native, alien) and their interactions as the fixed effects. A 

significant interaction between competition treatment and soil-conditioning treatment 

would indicate that soil-conditioning treatments affects the strength of competition. A 

significant three-way interaction of competition treatment, soil-conditioning treatment 

and origin of the test species would indicate that the soil-conditioning treatments 

affect the strength of competition of alien and native plants differently. A significant 

interaction between soil-conditioning treatment and origin of the test species would 

indicate that the soil-conditioning treatment affects biomass production of alien and 

native test species differently, averaged across all competition treatments. In other 

words, it would indicate that the soil-conditioning treatment affects the competitive 

outcome between aliens and natives. Competitive outcome here refers to which 

species will exclude or dominate over the other species at the end point for the 

community (Gibson et al. 1999). Most studies infer the competitive outcome by only 

growing the species in mixture (Aschehoug et al. 2016). However, we inferred it from 

the average of plants without competition, in monocultures and in mixtures. This 

method has the advantages that it better mimics the dynamics of species populations 

across space and time (Hart et al. 2012, Zhang and van Kleunen 2019), and that it 

increases the precision of estimating competitive outcomes (Gibson et al. 1999). 

To test whether soil-conditioning species directly affected growth of alien and 

native species (βalone in Fig. 1b), we analyzed the subset of test plants grown without 

competition with linear mixed-effect models (Model.plant.2). These models included 

aboveground, belowground or total biomass of test plants as the response variables, 

and soil-conditioning treatment, origin of the test species and their interaction as fixed 
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effects. For all mixed-effect models, the significance of fixed effect was assessed with 

likelihood-ratio tests when comparing models with and without the effect of interest 

(Zuur et al. 2009).  

The soil-conditioning treatment had four levels: 1) the soil was not conditioned 

by any plant (non-conditioned soil), 2) the soil was conditioned by the same species 

as the focal test plant (home soil), and if the soil was conditioned by another species, 

this was either 3) an alien species (alien soil) or 4) a native species (native soil). We 

created three dummy variables (Schielzeth 2010) to split up these four soil-

conditioning treatments into three contrasts to test: 1) Does it matter whether the soil 

was conditioned by plants or not (SoilNon-conditioned/Conditioned)? 2) When the soil was 

conditioned by plants, does it matter whether the soil was conditioned by the same 

species as the focal test plant or by a different species (SoilHome/Away)? 3) When the 

soil was conditioned by a species different from the focal test plant, does it matter 

whether the soil was conditioned by an alien or a native species (SoilAlien/Native)? 

Likewise, for the first model (Model.plant.1), which used data from all competition 

treatments, we created two dummy variables to split up the three competition 

treatments – no, intra- and interspecific competition – into two contrasts to test: 1) 

Does it matter whether the test plant was grown with competition (CompYes/No)? 2) 

When the test plant was grown with competition, does it matter whether the 

competitor belonged to the same species or not (CompIntra/Inter)?  

In a few cases of the interspecific competition treatment (103 out of 1573 pots), 

competitor species were the same as the soil-conditioning species. Therefore, these 

pots are testing a two-species rather than a three-species interaction. However, 

removing these data points does not affect the results, indicating that our results are 

robust (Supplementary Table 2). It could be that soil-legacy effects are not due to 
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differences in microbial communities of the soil but due to differences in nutrient 

availability (Bennett and Klironomos 2019). For example, larger soil-conditioning 

plants may have left fewer nutrients in the soil, resulting in decreased growth of test 

species. To account for this, we added aboveground biomass of the soil-conditioning 

plant as the covariate in Model.plant.1. We found that aboveground biomass of test 

plants decreased with that of the soil-conditioning plant (Supplementary Fig.1), 

indicating that nutrient availability might affect test plants. However, adding the 

covariate did not affect the significance of the other effects (Supplementary Table 3), 

indicating that our results are robust. 

Analyses of the soil microbial community 

To test the effect of soil-conditioning species on soil microbial communities (α 

in Fig. 1), we used three methods. First, we tested whether the presence of a soil-

conditioning plant affected the composition of soil microbial communities, and 

whether this effect depended on the origin of the soil-conditioning species. To do so, 

we used permutational analysis of variance (PERMANOVA), as implemented in the 

adonis function of the vegan (Oksanen et al. 2019) (Model.soil.1). The models 

included reads relative abundances of bacteria or fungi as the response variables and 

soil-conditioning treatment as the explanatory variable. We split up the three soil-

conditioning treatments into two contrasts to test: 1) Does it matter whether the soil 

was conditioned by plants or not? 2) When the soil was conditioned by plants, does it 

matter whether the species is alien or native? 

Second, we tested whether alien and native species accumulated putative fungal 

pathogens, which were identified from FUNGuild, to different degrees. To do so, we 

used linear mixed models (Model.soil.2) that included the species richness, Shannon 
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diversity or relative abundance of fungal pathogens as the response variable, and soil-

conditioning treatments, which were again split up into two contrasts, as the fixed 

effect. Because some bacteria might be pathogenic, and 70% of the fungi could not 

assigned to functional groups based on FUNGuild, we also applied this analysis to 

species richness and Shannon diversity of all bacteria and fungi. 

Third, we analyzed how conditioned soil communities differed 1) among plants 

from the same alien plant species, 2) among plants from the same native species, 3) 

among different alien species, 4) among different native species, and 5) between alien 

and native species. To do so, we used linear mixed models (Model.soil.3) and 

included averaged Bray-Curtis dissimilarities as the response variable, and the five 

above-mentioned categories of plant combinations as the fixed effect. The Bray-

Curtis dissimilarities of bacteria, fungi, fungal pathogens or fungal endophytes were 

first calculated between all possible pairs of samples, and then averaged across 

replicates to get average values for each within-species pair or between-species pair. 

As c. 40% of the assigned fungal endophytes are pathogenic, we also analyzed pathogenic 

and non-pathogenic endophytes separately. We split up the five categories of plant 

combinations into four contrasts to test: 1) Are soil communities more similar (or 

different) when conditioned by the same plant species than by another species? 2) 

When conditioned by the same species, are soil communities more similar for alien 

species than for native species? When conditioned by different species, 3) are soil 

communities more similar between two alien species than between an alien and a 

native species, and 4) are soil communities more similar for the latter than between 

two native species? We used heatmaps to visualize the community dissimilarities, 

whose values were mean-centered and then bounded to range from -1 to 1. This was 

done with the corrplo t(Wei and Simko 2017). 
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After testing the effect of soil-conditioning species on soil bacterial and fungal 

communities (α in Fig. 1), we aimed to identify which aspect of soil microbes 

explained the legacy effect of soil-conditioning species on test plants (i.e. which 

component of α explained the βs in Fig. 1). Because the analyses of plant performance 

revealed that the third species rarely significantly affected the strength of competition 

(i.e. on average, βinter and βintra did not differ significantly from 0), we present the 

analyses of effects of α on βinter (or βintra) in the Supplementary material 5. 

We first tested whether diversity and abundance of potential soil enemies (one 

aspect of α) explained the soil-legacy effect on growth of test plants (βalone). To do so, 

we used linear mixed models (Model.link.1) and included the soil-legacy effect (βalone) 

as the response variable, and diversities of all soil bacteria, all fungi or the subset of 

fungal pathogens (or the relative abundance of fungal pathogens) as the fixed effects. 

Because the enemy release hypothesis predicts that alien species should have less 

chance to encounter enemies than native species (Callaway et al. 2004, Chun et al. 

2010), we also added origin of test species and their interaction with diversities of soil 

bacteria, fungi or fungal pathogens (or relative abundance of fungal pathogens) as 

fixed effects. The soil-legacy effect, 𝛽𝑎𝑙𝑜𝑛𝑒,𝑖,𝑗, was calculated as 

𝛽𝑎𝑙𝑜𝑛𝑒,𝑖,𝑗 = ln 𝑏𝑖𝑜𝑚𝑎𝑠𝑠𝑖,𝑗 − ln 𝑏𝑖𝑜𝑚𝑎𝑠𝑠𝑖,0. 

Here, ln 𝑏𝑖𝑜𝑚𝑎𝑠𝑠𝑖,𝑗  and ln 𝑏𝑖𝑜𝑚𝑎𝑠𝑠𝑖,0  are mean aboveground biomass of test 

species i when grown without competition (alone) on soil conditioned by species j and 

on soil not conditioned by plants, respectively. Positive values indicate that soil-

conditioning species j improved growth of test species i. 

Second, we tested whether microbial community dissimilarity (another aspect of 

α) between the soil-conditioning and test species explained the soil-legacy effect 
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(βalone). To do so, we used linear mixed models (Model.link.2) and included the soil-

legacy effect, 𝛽𝑎𝑙𝑜𝑛𝑒,𝑖,𝑗 , as the response variable, and included Bray-Curtis 

dissimilarities between soil-conditioning and test species as the fixed effect. Because 

three out of ten test species were not included in the soil-conditioning phase, we could 

not calculate the microbial community dissimilarity between them and the soil-

conditioning species. Consequently, this analysis was restricted to a subset (i.e. 70 out 

of 100 soil-conditioning species × test species pairs).  
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Results 

Do soil-conditioning species affect competitive outcomes (differences in biomass 

production)? 

On average, plants produced less aboveground biomass (-67.2%; χ2 = 10.31, P = 

0.001) on conditioned soil than on non-conditioned soil, and on home soil (i.e. soil 

conditioned by the same plant species) than on away soil (-22.7%; χ2 = 4.54, P = 

0.033; Fig. 3a; Table 1). Biomass of alien and native plants did not significantly differ 

across soil-conditioning treatments and competition treatments (χ2 = 0.083, P = 0.774; 

Fig. 3a; Table 1). Compared to non-conditioned soil, conditioned soil did not change 

the difference in biomass between alien and native plants across competition 

treatments (Origin × SoilNon-conditioned/Conditioned interaction: χ2 = 1.395, P = 0.238). 

However, when grown on alien soil (i.e. soil conditioned by an alien plant), alien 

plants produced significantly more aboveground biomass (+18.2%) than native plants, 

whereas on native soil, this difference was smaller (+9.9%; Origin × SoilAlien/Native 

interaction: χ2 = 4.74, P = 0.029; Fig 3a; Table 1). This indicates that soil conditioning 

with an alien plant pushed the competitive outcome more strongly towards subsequent 

aliens than soil conditioning with a native plant. 
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Table 1 Effects of soil treatments, competition treatments, origin of test species 

and their interactions on aboveground biomass of plants. Significant effects (P < 

0.05) are in bold and marked with asterisks, and marginally significant effects (0.05 

≤ P < 0.1) are in italics and marked with daggers. 

  χ2 P 

Transplanting date 12.815 <0.001* 

SoilNon-conditioned/Conditioned 10.306 0.001* 

SoilHome/Away 4.535 0.033* 

SoilAlien/Native 0.107 0.744 

Origin (O) 0.083 0.774 

CompYes/No 3.738 0.053† 

CompIntra/Inter 0.795 0.373 

O : SoilNon-conditioned/Conditioned 1.395 0.238 

O : SoilHome/Away 1.669 0.196 

O : SoilAlien/Native 4.741 0.029* 

SoilNon-conditioned/Conditioned : CompYes/No 0.956 0.328 

SoilNon-conditioned/Conditioned : CompIntra/Inter 0.176 0.675 

SoilHome/Away : CompYes/No 0.121 0.728 

SoilHome/Away : CompIntra/Inter 2.273 0.132 

SoilAlien/Native : CompYes/No 4.846 0.028* 

SoilAlien/Native : CompIntra/Inter 0.321 0.571 

O:CompYes/No 0.249 0.618 

O:CompIntra/Inter 0.371 0.542 

O : SoilNon-conditioned/Conditioned : CompYes/No 0.511 0.475 

O : SoilNon-conditioned/Conditioned : CompIntra/Inter 0.001 0.972 

O : SoilHome/Away : CompYes/No 1.725 0.189 

O : SoilHome/Away : CompIntra/Inter 0.156 0.693 

O : SoilAlien/Native : CompYes/No 0.197 0.657 

O : SoilAlien/Native : CompIntra/Inter 0.000 0.990 

Random effects SD 

 
Family (focal test) 0.165 

 
Species (focal test) 0.199 

 
Family (competitor test) 0.065 

 
Species (competitor test) 0.076 

 
Family (soil) 0.038 

 
Species (soil) 0.031 

 
Residual 0.187  
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Figure 3 Effects of soil-conditioning treatments on aboveground biomass of alien 

(orange) and native (green) test species. a, mean values (± SEs) were calculated 

across competition treatments. Alien test species are considered more competitive 

than natives when they had a higher aboveground biomass. b, mean values were 

calculated based on aboveground biomass plants grown alone. c, Slopes indicate the 

strength of competition, that is, the difference in aboveground biomass between plants 

grown alone (solid dots, the same values as in b) and in competition (open dots). For 

the soil-conditioning treatments, ‘non-conditioned’ refers to soil that was not 

conditioned by plants, ‘home’ to soil conditioned by the same species as the test 

species, and ‘alien’ and ‘native’ to soils conditioned by other species than the test 

species, and which were alien or native, respectively. Differences in mean values 

between different soil treatments in a, b and c indicate differences in βtotal, βalone and 

βinter (or βintra), respectively.  See Fig. 1 for details on βs.  
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Do soil-conditioning species affect growth or the strength of competition? 

For the subset of plants grown alone (competition-free), aboveground biomass 

was lower on conditioned soil than on non-conditioned soil (-59.8%; χ2 = 13.38, P < 

0.001; Fig. 3b; Supplementary Table 4). The competition-free plants also tended to 

produce less biomass on home soil than on away soil (Fig. 3b). This effect was not 

significant for aboveground biomass, but was marginally significant for belowground 

biomass (-15.0%; χ2 = 2.93, P = 0.087; Fig. 3b & S2). Averaged across all soil-

conditioning treatments, alien and native competition-free plants did not differ in 

biomass production (χ2 = 0.025, P = 0.875). However, aliens achieved more 

aboveground biomass (+17.3%) than natives on alien soil, whereas on native soil, this 

difference was smaller (+8.5%; Fig. 3b; Supplementary Table 4). Although this 

difference was only marginally significant for aboveground biomass (χ2 = 2.90, P = 

0.088) and belowground biomass (χ2 = 3.23, P = 0.072), it was significant for total 

biomass (χ2 = 4.56, P = 0.033; Extended Data Fig. 1). This result indicates that soil 

conditioned by an alien plant reduced growth of later alien plants to a lesser degree 

than growth of later native plants. 

Competition reduced aboveground biomass (-35.1%; χ2 = 3.74, P = 0.053; Fig. 

3c; Table 1), and was more intense when the test plants were grown on alien soil than 

on native soil (-39.3% vs. -33.0%; χ2 = 4.85, P = 0.028; Fig 3c; Table 1). However, 

the strength of competition was not affected by the other soil-conditioning treatments. 

Alien and native test species did not differ in their biomass responses to competition 

(χ2 = 0.25, P = 0.618), and this finding holds for each of the soil-conditioning 

treatments. We also found that intra- and interspecific competition did not differ in 

strength (χ2 = 0.80, P = 0.373), and that this finding holds for alien and native test 

species, and for each of the soil-conditioning treatments (Fig 3c; Table 1). 
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Does the variation in soil microbial communities explain the variation in soil-

legacy effects  

Overall, the presence of plants significantly modified the composition of soil 

bacterial and fungal communities (Extended Data Fig. 2; Supplementary Tables 5 & 

6). Moreover, alien and native plant species modified the composition of bacterial and 

fungal communities differently (Extended Data Fig. 2). However, neither the presence 

of plants nor the origin of plants significantly affected relative abundance of fungal 

pathogens and diversities of bacteria, all fungi and the subset of fungal pathogens 

(Extended Data Fig. 3; Supplementary Tables 7 & 8). Further analyses showed that 

the variation in relative abundance of fungal pathogens, and diversity of bacteria, all 

fungi and fungal pathogens did not significantly explain the variation in soil-legacy 

effects of soil-conditioning species on test species that were grown alone (βalone; 

Extended Data Fig. 4; Supplementary Tables 11 & 12). This holds for both native and 

alien test species. 

The compositions of soil bacterial communities were less similar (i.e. more blue 

colors in Fig. 4) between individual plants of different species than between plants of 

the same species (χ2 = 4.31, P = 0.038; Fig. 4a & e; Supplementary Table 9). 

Although this was not the case for fungal communities, their dissimilarity depended 

on the origins of the species in the between-species combination (Fig. 4b-d & f-h; 

Supplementary Table 9). Specifically, compositions of fungal communities as a whole 

and of the subset of fungal endophytes were less similar between two alien plant 

species than between an alien and a native species (Fungi: χ2 = 4.00, P = 0.045; 

Fungal endophytes: χ2 = 12.11, P = 0.001). In addition, the compositions of fungal 

endophyte communities were less similar between an alien and a native species than 

between two natives (χ2 = 10.53, P = 0.001; Fig. 4d & h).  
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For the subset data on dissimilarities of soil communities between soil-

conditioning and test species, we found that the variation in dissimilarity of fungal 

endophytes — mainly those pathogenic ones — significantly explained the variation 

in soil-legacy effects (βalone). Specifically, the legacy effect of soil-conditioning 

species on test species grown alone (βalone) became less negative as their fungal 

endophyte communities became less similar (χ2 = 7.49, P = 0.006; Fig. 5d; 

Supplementary Table 13). The same pattern was found for pathogenic fungal 

endophytes, but not for non-pathogenic fungal endophytes (Extended Data Fig. 5e & 

f). In addition, the legacy effect (βalone) became less negative as fungal endophyte 

communities became less similar between soil-conditioning and test species, though 

this relationship was marginally significant (χ2 = 2.78, P = 0.096; Fig. 5a). For the 

other groups of microbiota, i.e. fungi overall and fungal pathogens, the soil-legacy 

effect was not significantly correlated to the dissimilarity of soil communities (Fig. 5b 

& c).   



 

143 

 

 

Figure 4 Dissimilarities of soil microbial communities within and between plant 

species. a & e, bacterial communities; b & f, fungal communities, c & g, fungal 

pathogen communities; d & h, fungal endophyte communities. The upper panels 

show the heatmaps of community dissimilarities of all within-species (top horizontal 

bars) and between-species combinations (triangular matrices), which are divided into 

five categories (own-alien, own-native, alien-alien, native-alien, native-native) with 

black borders. Labels at the top and along the diagonal provide abbreviations of 

species names (full names in Table S1) of aliens (orange) and natives (green). The 

colors in the heatmaps represent the relative dissimilarity, with darkest blue 

representing the highest dissimilarity. The lower panel shows the mean values (±SEs) 

of each of the five categories. Asterisk indicates significant between categories (i.e. α 

in Fig. 1 differs between categories). Own-alien: between plants of the same alien 

plant species; own-native: between plants of the same native species; alien-alien: 

between plants of different alien species; alien-native: between plants of alien and 

native species; native-native: between plants of different native species. 



 

144 

 

 

Figure 5 Effects of soil-community dissimilarity between soil-conditioning and test 

species on soil legacy. a, bacterial communities; b, fungal communities; c, fungal 

pathogen communities; d, fungal endophyte communities. Negative values of the soil 

legacy effect indicate that plants grew worse on conditioned soil than on non-

conditioned soil. Soil-community dissimilarity was logit-transformed. Asterisk 

indicates significant effect of community dissimilarity on soil legacy (i.e. significant 

effect of α on βalone), and dagger indicates marginal significant effect. Chi-squared 

value (𝜒2), conditional R squared (𝑅𝑐
2) and marginal R squared (𝑅𝑚

2 ) were reported.  
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Discussion 

We found that when grown on soil that was not conditioned by plants, alien and 

native plants produced similar biomasses across competition treatments. The same 

was true on soil that was conditioned by plants. This indicates that overall, the 

naturalized aliens in our study were not more competitive than natives, and that the 

presence of soil-conditioning species did not change this competitive outcome. 

However, origin of the conditioning species matters: on soil conditioned by aliens, 

aliens produced more biomass than natives and thus were more competitive. Analysis 

of biomass of plants grown alone (without competition) indicated that conditioning by 

aliens changed the competitive outcomes by affecting growth of aliens less negatively 

than that of natives, rather than affecting the strength of competition between plants 

(summarized in Extended Data Fig. 6). Our analysis of soil microbiomes revealed that 

the legacy effect of soil-conditioning species on test species became less negative as 

their fungal endophyte communities became less similar; and that fungal endophyte 

communities were less similar between two aliens than between aliens and natives. 

This suggests that the less negative effect of conditioning by aliens on other aliens is 

partly driven by a lower chance of spill-over of fungal endophytes between aliens. 

Invasional meltdown in a multispecies context 

The similar aboveground biomass of aliens and natives on soil that was not 

conditioned or was conditioned by native plants indicates that on those soils aliens are 

not more competitive than natives. This result is in line with the Chapter 1, which 

found that alien and native species do not differ in their competitive abilities if both of 

them are widespread and abundant species (Zhang and van Kleunen 2019), as was the 

case in our study. However, on soil conditioned by aliens, aliens were more 
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competitive than natives. This finding supports the idea of invasional meltdown 

(Simberloff and Von Holle 1999, Simberloff 2006, Kuebbing and Nunez 2016) and 

partly explains the frequent co-occurrence of alien species (Stotz et al. 2019). So far, 

over 13,000 plant species have become naturalized outside their natural ranges (van 

Kleunen et al. 2015, Pyšek et al. 2017), and in some regions more than half of the 

flora consists of naturalized alien species (Essl et al. 2019). These numbers are still 

increasing (Seebens et al. 2018), which means that interactions between alien species 

are likely to become more and more frequent. Our findings indicate that the relative 

facilitation between aliens, mediated by soil microbes, may accelerate the 

naturalization of aliens and their competitive impacts on natives. 

Still, alien plants may not increase their abundance indefinitely, because 

intraspecific competition is generally stronger than interspecific competition (Adler et 

al. 2018). We nevertheless did not find a difference between the strengths of intra- 

and interspecific competition. Probably, resource competition was weak in our study 

as we fertilized the plants regularly. It is worth noting, however, that plants grew 

worse on home soil than on away soil in our study. This indicates that intraspecific 

apparent competition (soil-microbes-mediated intraspecific competition) was stronger 

than interspecific apparent competition. Consequently, alien plants were still self-

limited. However, alien plants would gain an advantage if they were less limited by 

intraspecific apparent competition than natives were, which was supported by many 

studies (Kulmatiski et al. 2008) but not ours. One possible reason for this discrepancy 

is the low statistical power in our study. Only two of the five alien test species were 

grown on home soil as we partly had different species in the soil-conditioning and test 

phases. Another reason could be that we used successful native species (i.e. 

widespread and locally abundant). Their intraspecific apparent competition might be 



 

147 

 

weaker than for less successful native species (Mangan et al. 2010), and thus similar 

with that of the successful aliens. 

It is debated in ecology whether it is possible to predict competitive outcomes in 

multispecies communities solely based on pairwise interactions. The results of our 

experiment suggest that this indeed is possible. For example, from the data of plants 

that were grown alone, which tested pairwise interactions between soil-conditioning 

and test species, we showed that alien test species produced more biomass than 

natives on soil that had been conditioned by aliens. This finding still holds when we 

also included the data of plants that were grown with competition to assess 

competitive outcomes in multispecies communities. Moreover, the soil-conditioning 

species rarely changed the strength of competition. When they did, they affected the 

strength of competition equally for alien and native species, and thus did not affect 

competitive outcomes. This finding echoes those of some other experiments. For 

example, a phytoplankton experiment by Prince et al. (2008) found that the strength 

of competition was modified only in two out of the ten species in their study. 

Friedman et al. (2017) found that competitive outcomes in three-species bacterial 

communities were predicted by pairwise outcomes with an accuracy of 90%. 

Therefore, we might in most cases be able to scale up from pairwise interactions to at 

least three-species interactions. 

However, it might be too soon to scale up to systems with over three species. 

Friedman et al. (2017) found that pairwise outcomes alone poorly predict outcomes of 

seven- or eight-species bacterial communities. This could indicate that with increasing 

diversity the likelihood increases that the strength of pairwise competition is modified 

by at least one of the many other species in the community. Future experiments that 

test competition between alien and native organisms in more diverse communities 
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could shed light on this hypothesis. However, as competition occurs locally (Dal Co 

et al. 2020), it is unlikely that more than a handful of species compete at the same 

time. Consequently, we believe that our experiment and results are representative for 

plant invasions in the real world. 

Potential mechanisms underlying invasional meltdown 

We did not find evidence for release of soil enemies (Reinhart et al. 2003). At 

the end of the soil-conditioning phase, alien and native plant species did not differ in 

the diversity and relative abundance of fungal pathogens. In addition, variation in 

diversity and relative abundance of soil fungal pathogens did not significantly explain 

the variation in growth of alien and native species in the test phase. This lack of 

evidence for enemy release contrasts with the findings that enemy release contributed 

to plant invasion (Liu and Stiling 2006, Zhang et al. 2018b), but see Chun et al. 

(2010). This discrepancy may arise from the incomplete information on the functional 

roles of bacteria and fungi. The functional roles of bacteria are hard to identify, and 

over 70% of the ITS reads in our study could not assigned to functional groups using 

FUNGuild. Alternatively, previous studies mainly focused on aboveground enemies 

and on herbivores. Belowground microbial enemies are more diverse and far less 

known, and many of them might be rare or less harmful. Therefore, diversity and 

relative abundance of soil pathogens may be less likely to capture the mechanism 

underlying soil-legacy effect than the actual identities of the pathogens. Indeed, we 

found that alien and native plants modified the composition of soil microbial 

communities in different ways (Supplementary Table 5). This suggests that the soil-

legacy effect is mainly mediated by the community structure of the soil microbial 

communities and less by the diversity and abundance. 
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Interestingly, we found that the compositions of fungal endophyte communities 

were less similar between alien plant species than between aliens and natives, and less 

similar than between natives. We found, however, a similar pattern when the field-soil 

inoculate used in the soil-conditioning phase had been sterilized (Extended Data Fig. 

7; Supplementary Table 10). This suggests that the high dissimilarity of fungal 

endophyte communities between aliens is likely driven by endophytes that were 

already present in the plants before transplanting (e.g. as seed microbiota) rather than 

by those that were in the field-soil inoculum.  

There are three potential reasons why compositions of fungal endophyte 

communities were less similar between two aliens than between other origin 

combinations. First, as we found that fungal endophyte communities became less 

similar with increasing phylogenetic distance between plant species (Supplementary 

material 6), it could be that the phylogenetic distance between aliens was higher than 

between aliens and natives, and also higher than between natives. However, as this 

was not the case (Supplementary material 6), this explanation can be discarded. A 

second potential explanation could be that natives have co-occurred with each other 

for a longer time, and thus share more similar endophytes (Dickie et al. 2017). A third 

potential explanation could be that if the alien species brought endophytes with them 

from their native ranges (Shipunov et al. 2008), these endophytes jumped over to 

native hosts. Such host shifts of endophytes are more likely to involve native plants 

than other alien plants, as alien-native interactions are still more common than alien-

alien interactions. Regardless of the exact reason, the observed differences in fungal 

endophyte communities suggest that they might play a role in the difference in soil-

legacy effects. 
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In line with this idea, we found that the legacy effect of soil-conditioning species 

on test species became less negative with decreasing similarity in their fungal 

endophyte communities. Additional analyses showed that this pattern was mainly 

driven by pathogenic endophytes, which made up c. 40% of the assigned endophytes 

(Extended Data Fig. 5e & f). Consequently, when one plant species cultivated very 

different pathogenic endophyte communities compared to another, endophytes 

remaining in the soil matrix (e.g. root endophytes) were unlikely to infect and 

negatively affect the other. This finding, together with the higher difference in fungal 

endophyte communities between alien plant species than between alien and native 

plants species, provides an explanation for invasional meltdown. Still, the roles of 

endophytes are not well understood. Their effects depend on the environment and can 

range from pathogenic to mutualistic (Hardoim et al. 2015, Busby et al. 2016). As a 

result, the legacy effect mediated by endophytes might even change with soil type. 

More experimental evidence for their role in soil-legacy effects and plant invasions is 

required. Manipulative studies based on synthetic microbial communities (Großkopf 

and Soyer 2014) might shed light on the roles of endophytes in plant competition and 

invasion success. 

Conclusions 

Our results indicate that the accumulation of alien species may be accelerated in 

the future. This is because aliens could favor other aliens over natives, an effect that is 

mediated by soil microbes (i.e. apparent competition). Since Charles Darwin, novelty 

has been posited as a mechanism underlying invasion success, as it enables aliens to 

occupy niches that are not used by natives (Li et al. 2015, Divíšek et al. 2018, Feng et 

al. 2019). Here, we unveiled another aspect of novelty —novel interaction between 
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aliens. Such novelty could decrease spill-over of pathogenic fungal endophytes 

between alien plant species. Consequently, alien species in our study suppressed each 

other less than they suppressed natives, and this could lead to invasional meltdown.  
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Extended data Figures 

Extended data Figure 1 Effects of soil-conditioning treatments on (a) belowground 

and (b) total biomass of alien (orange) and native (green) test species that were grown 

alone. Mean values (± SEs) were calculated based on biomass of plants grown alone. 

For the soil-conditioning treatments, ‘non-conditioned’ refers to soil that was not 

conditioned by any plant, ‘home’ to soil conditioned by the same species as the test 

species, and ‘alien’ and ‘native’ to soils conditioned by other species than the test 

species, which were alien or native, respectively. 
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Extended data Figure 2 Effects of soil-conditioning treatments on soil community 

compositions of bacteria and fungi. Nonmetric multidimensional scaling (NMDS) was 

used to visualize differences in the soil microbial communities of the plant species. 

Data points represent soil samples. Ellipses represent means ± 1 SDs for soil 

conditioned by aliens (orange) or natives (green), or not conditioned by plants (grey). 

The different shades of the colors used for the point indicate different species. Soil 

was either alive (a & c) or sterilized (b & d) before the conditioning treatment. 
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Extended data Figure 3 Effects of soil-conditioning treatments on diversity of soil 

bacteria and fungi and relative abundance of fungal pathogens. Species richness 

and Shannon diversity were calculated as diversity metrics. Soil was either alive or 

sterilized before the conditioning treatment.  
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Extended data Figure 4 Effects of diversity of bacteria and fungi, and relative 

abundance of fungal pathogens on soil-legacy effects. Green dots represent native test 

species, and orange dots represent alien test species. Negative values of soil-legacy 

effects indicate that plants grew worse on conditioned soil than on non-conditioned 

soil. No significant relationship was found. Note that relative abundance of all 

bacteria and fungi is 1, and thus their correlations to soil-legacy effect was not tested.  
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Extended data Figure 5 Dissimilarities of pathogenic or non-pathogenic fungal 

microbial communities within and between plant species (a-d), and effects of soil-

community dissimilarity on soil-legacy effects (e-f). a, c & e, pathogenic fungal 

endophyte communities; b, d & f, non- pathogenic fungal endophyte communities. 

See Fig. 4 for detailed descriptions of a-d. See Fig. 5 for detailed descriptions of e-f. 
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Extended data Figure 6 Dissimilarities of soil communities within and between 

species, when sterilized field soil was used as inoculum. a & e, bacterial communities; 

b & f, fungal communities, c & g, fungal pathogen communities; d & h, fungal 

endophyte communities. See Fig. 4 for detailed descriptions. 
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Supplementary materials  

Supplement S1 Information on plant species 

Table S1 The 13 species used in the experiment 

Species Origin Family Abbreviation  Cellsb 
Sowing date 

soil phase 

Transplanting date 

soil phase 

Sowing date 

test phase 

Epilobium ciliatum alien Onagraceae - 2448 - - 9 Oct 2018 

Lolium multiflorum aliena Poaceae LM 2639 27 June 2018 9 July 2018 18 Oct 2018 

Onobrychis viciifolia aliena Leguminosae OV 1544 27 June 2018 9 July 2018 16 Oct 2018 

Salvia verticillata aliena Lamiaceae SV 977 25 June 2018 25 July 2018 /7 August 2018 - 

Senecio inaequidens alien Compositae - 1322 - - 16 Oct 2018 

Solidago canadensis alien Compositae - 2660 - - 9 Oct 2018 

Solidago gigantea alien Compositae SG 2438 2 July 2018 30 July 2018/ 12 August 2018 - 

Cynosurus cristatus native Poaceae CC 2710 27 June 2018 9 July 2018 - 

Dactylis glomerata native Poaceae DG 2990 27 June 2018 9 July 2018 16 Oct 2018 

Leontodon autumnalis native Compositae LA 2964 25 June 2018 9 July 2018 16 Oct 2018 

Lotus corniculatus native Leguminosae LC 2944 18 June 2018 9 July 2018 16 Oct 2018 

Plantago media native Plantaginaceae PM 2327 25 June 2018 11 July 2018 16 Oct 2018 

Salvia pratensis native Lamiaceae SP 1694 25 June 2018 9 July 2018 9 Oct 2018 

Abbreviations are only for soil-conditioning species, and match the abbreviations in Fig. 4 
a intra-continental alien species (species that are alien in Germany and native in part of Europe) 
b the number of ~130-km2 grid cells occupied in Germany out of a maximum of 3000 grid cells (FloraWeb). 
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Supplement S2 Results for plants. 

Supplementary Table 2 Effects of soil treatments, competition treatments, origin of 

test species and their interactions on aboveground biomass of plants after removing 

data where competitor test species were the same as the soil-conditioning species. 

Significant effects (P < 0.05) are in bold and marked with asterisks, and 

marginally significant effects (0.05 ≤ P < 0.1) are in italics and marked with a dagger 

symbol. 

  χ2 P 

Transplanting date 12.693 <0.001* 

SoilNon-conditioned/Conditioned 10.624 0.001* 

SoilHome/Away 4.079 0.043* 

SoilAlien/Native 0.080 0.778 

Origin (O) 0.086 0.770 

CompYes/No 3.681 0.055† 

CompIntra/Inter 0.479 0.489 

O : SoilConditioned/Non-conditioned 1.204 0.273 

O : SoilHome/Away 1.979 0.160 

O : SoilAlien/Native 6.338 0.012* 

SoilNon-conditioned/Conditioned: CompYes/No 0.906 0.341 

SoilNon-conditioned/Conditioned: CompIntra/Inter 0.256 0.613 

SoilHome/Away : CompYes/No 0.107 0.744 

SoilHome/Away : CompIntra/Inter 2.003 0.157 

SoilAlien/Native : CompYes/No 5.497 0.019* 

SoilAlien/Native : CompIntra/Inter 0.127 0.721 

O:CompYes/No 0.275 0.600 

O:CompIntra/Inter 0.395 0.529 
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O : SoilNon-conditioned/Conditioned: CompYes/No 0.447 0.504 

O : SoilNon-conditioned/Conditioned: CompIntra/Inter 0.001 0.979 

O : SoilHome/Away : CompYes/No 1.751 0.186 

O : SoilHome/Away : CompIntra/Inter 0.260 0.610 

O : SoilAlien/Native : CompYes/No 0.079 0.779 

O : SoilAlien/Native : CompIntra/Inter 0.080 0.777 

Random effects SD 

 Family (focal test) 0.164 

 Species (focal test) 0.200 

 Family (competitor test) 0.065 

 Species (competitor test) 0.076 

 Family (soil) 0.035 

 Species (soil) 0.033 

 Residual 0.179   
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Supplementary Figure 1 Effects of aboveground biomass of soil-conditioning plant 

on aboveground biomass of test plant. Aboveground biomass of the empty control 

pots in the conditioning phase was set to 0.  
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Supplementary Table 3 Effects of soil treatments, competition treatments, origin of 

test species and their interactions on aboveground biomass of plants (with square-

root-transformed aboveground biomass of soil-conditioning plants as covariate). 

  χ2 P 

Transplanting date 0.917 0.338 

Sqrt(biomasssoil) 46.489 0.000* 

SoilNon-conditioned/Conditioned 4.758 0.029* 

SoilHome/Away 4.627 0.031* 

SoilAlien/Native 0.102 0.749 

Origin (O) 0.077 0.781 

CompYes/No 3.722 0.054† 

CompIntra/Inter 0.948 0.33 

O : SoilNon-conditioned/Conditioned 1.72 0.19 

O : SoilHome/Away 2.781 0.095† 

O : SoilAlien/Native 3.918 0.048* 

SoilNon-conditioned/Conditioned: CompYes/No 0.68 0.409 

SoilNon-conditioned/Conditioned: CompIntra/Inter 0.098 0.754 

SoilHome/Away : CompYes/No 0.248 0.619 

SoilHome/Away : CompIntra/Inter 1.551 0.213 

SoilAlien/Native : CompYes/No 6.187 0.013* 

SoilAlien/Native : CompIntra/Inter 0.588 0.443 

O:CompYes/No 0.353 0.552 

O:CompIntra/Inter 0.397 0.528 

O : SoilNon-conditioned/Conditioned: CompYes/No 0.485 0.486 

O : SoilNon-conditioned/Conditioned: CompIntra/Inter 0.003 0.956 

O : SoilHome/Away : CompYes/No 1.737 0.188 

O : SoilHome/Away : CompIntra/Inter 0.107 0.744 
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O : SoilAlien/Native : CompYes/No 0.124 0.725 

O : SoilAlien/Native : CompIntra/Inter 0.062 0.803 

Random effects SD 

 Family (focal test) 0.164 

 Species (focal test) 0.198 

 Family (competitor test) 0.065 

 Species (competitor test) 0.077 

 Family (soil) 0.000 

 Species (soil) 0.013 

 Residual 0.164   
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Supplementary Table 4 Effects of soil treatments, competition treatments, origin of 

test species and their interactions on biomass of plants that were grown without 

competition. 

Significant effects (P < 0.05) are in bold and marked with asterisks, and 

marginally significant effects (0.05 < P < 0.1) are in italics and marked with a dagger 

symbol. 

 

   

  

Aboveground 

biomass   

Belowground 

biomass   

Total biomass 

  

  χ2 P   χ2 P   χ2 P 

Transplanting date 13.379 <0.001* 

 

7.596 0.006* 

 

13.265 <0.001* 

SoilNon-conditioned/Conditioned 7.618 0.006* 

 

11.756 0.001* 

 

8.430 0.004* 

SoilHome/Away 0.176 0.675 

 

2.929 0.087† 

 

1.834 0.176 

SoilAlien/Native 0.180 0.672 

 

0.874 0.350 

 

0.189 0.663 

Origin (O) 0.025 0.875 

 

1.995 0.158 

 

0.229 0.632 

O : SoilNon-conditioned/Conditioned 0.076 0.783 

 

5.439 0.020* 

 

1.263 0.261 

O : SoilHome/Away 0.021 0.884 

 

0.150 0.699 

 

0.130 0.718 

O : SoilAlien/Native 2.902 0.088† 

 

3.232 0.072† 

 

4.563 0.033* 

Random effects SD 

  

SD 

  

SD 

 Family (test) 0.191 

  

0.240 

  

0.314 

 Species (test) 0.223 

  

0.098 

  

0.193 

 Family (soil) 0.056 

  

0.000 

  

0.053 

 Species (soil) 0.055   0.019   0.060  

Residual 0.293     0.251     0.327   
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Supplement S3 Effects of soil-conditioning plants on soil microbial communities 

Supplement S3 is used to test whether and how soil-conditioning plants affected soil 

microbial communities (i.e. α in Fig. 1) 

 

In addition to the main experiment, we had another 49 pots (five replicates for 

pots without plants and three to five replicates for each species) in which the field-soil 

inoculum was autoclaved before soil-conditioning. We used these pots to test the 

effect of the field soil, which provided the background soil microbial inoculum for the 

conditioning phase. Here, we present the results of both conditioned soils with live 

inoculum and conditioned soils with sterilized inoculum. For the relationship between 

soil communities and soil-legacy effects (Supplement S4 & 6), we only used data 

from conditioned soils that had received live inoculum at the start. This is because test 

plants were grown on these soil and not on those with sterilized inoculum. 

We detected a total of 45,288 bacterial phylotypes and 2,421 fungal phylotypes 

across all samples. Fungal functional groups (e.g. AMF, plant pathogens and endophytes) 

could be assigned to 889 phylotypes, representing 27.2 % of the ITS sequence reads. 

Of these phylotypes, 50 were identified as AMF, 165 as endophytes and 250 as plant 

pathogens, representing 0.1 %, 10.3%, and 15.1% of the ITS sequence reads, 

respectively.   
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Supplementary Figure 2 Relative abundances of major taxonomic groups of bacteria 

and fungi. 

Alien and native plant species are in orange and purple, respectively. Sterilized: 

field soil inoculum was autoclaved before soil-conditioning. Live: field soil was not 

treated before soil conditioning.  
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Supplement S3.1 Composition of soil bacterial and fungal communities. 

Supplementary Table 5 Effects of soil treatments on composition of soil bacterial 

and fungi communities. 

Significant effects (P < 0.05) are in bold and marked with asterisks, and 

marginally significant effects (0.05 ≤ P < 0.1) are in italics and marked with a dagger 

symbol. 

 

Bacteria 

 

 

  

  Live   Sterilized 

  Df F R2 P   Df F R2 P 

Transplanting 

date 1 1.226 0.016 0.113 

 

- - - - 

SoilConditioned/Non-

conditioned 1 1.711 0.022 0.006* 

 

1 8.087 0.124 0.001* 

SoilAlien/Native 1 2.442 0.032 0.001* 

 

1 2.298 0.035 0.003* 

Family 4 2.790 0.146 0.001* 

 

4 2.705 0.165 0.001* 

Species 4 1.684 0.088 0.001* 

 

4 1.553 0.095 0.002* 

Residuals 53 

 

0.695 

  

38 

 

0.581 

 Total 64   1.000     48   1.000   
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Fungi 

  Live   Sterilized 

  Df F R2 P   Df F R2 P 

Transplanting 

date 1 1.148 0.017 0.275 

 

- - - - 

SoilConditioned/Non-

conditioned 1 1.493 0.023 0.076† 

 

1 1.198 0.024 0.263 

SoilAlien/Native 1 1.826 0.028 0.025* 

 

1 1.498 0.031 0.109 

Family 4 1.361 0.082 0.044* 

 

4 1.352 0.111 0.074† 

Species 4 1.517 0.092 0.006* 

 

4 1.198 0.098 0.164 

Residuals 50 

 

0.758 

  

36 

 

0.736 

 Total 61   1.000     46   1.000   

 

For samples whose field soil inoculum was sterilized, effects of transplanting date cannot 

be tested, because we transplanted S. verticillata and S. gigantean only once there. 

Consequently, collinearity between transplanting date and species prevented us from 

including both factors in the same models. 
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Supplementary Figure 3 Effects of soil-conditioning treatments on soil community 

composition of fungal pathogen soil communities. 

Nonmetric multidimensional scaling (NMDS) was used to visualize differences 

in the soil microbial communities of the plant species. Data points represent soil 

samples. Ellipses represent means ± 1 SDs for soil conditioned by aliens (orange) or 

natives (purple), or not conditioned by plants (grey). The different colors used for the 

points indicate different species. Soil was either alive (a) or sterilized (b) before the 

conditioning treatment. 
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Supplementary Table 6 Effects of soil treatments on community composition of soil 

fungal pathogens. 

Significant effects (P < 0.05) are in bold and marked with asterisks, and 

marginally significant effects (0.05 < P < 0.1) are in italics and marked with a dagger 

symbol. 

 

  

  Live   Sterilized 

  Df F R2 P   Df F R2 P 

Transplanting 

date 1 0.851 0.013 0.668 

 

- - - - 

SoilConditioned/Non-

conditioned 1 1.387 0.021 0.097† 

 

1 2.379 0.047 0.022* 

SoilAlien/Native 1 1.995 0.031 0.011* 

 

1 0.497 0.010 0.910 

family 4 1.228 0.076 0.084† 

 

4 1.611 0.128 0.029* 

species 4 1.475 0.091 0.009* 

 

4 1.302 0.103 0.127 

Residuals 50 

 

0.769 

  

36 

 

0.713 

 Total 61   1.000     46   1.000   
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Supplement S3.2 Diversity of bacterial and fungal communities, and abundance of 

fungal pathogen communities. 

 

Supplementary Table 7 Effects of soil treatments on diversity of soil bacteria and 

fungi. 

Significant effects (P < 0.05) are in bold and marked with asterisks, and 

marginally significant effects (0.05 < P < 0.1) are in italics and marked with a dagger 

symbol. 

 

Species richness 

  Bacteria 

 

 All fungi  

 Live 

 

Sterilized 

 

Lived  Sterilized 

  χ2 P   χ2 P  χ2 P   χ2 P 

Transplanting 

date 0.298 0.585 0.174 0.676  7.911 0.005*  0.000 0.988 

SoilConditioned/Non-

conditioned 0.647 0.421  13.548 0.000*  0.058 0.809  0.392 0.531 

SoilAlien/Native 0.180 0.671  0.795 0.373  0.386 0.535  4.368 0.037* 

Random effects SD 

  

SD 

 

 SD   SD  

Family 0.045 

  

0.014 

 

 0.001   7.455  

Species 0.057 

  

0.016 

 

 0.001   0.001  

Residual 601.913     336.203    28.912     15.038   
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Shannon diversity 

  Bacteria 

 

 All fungi  

 Live 

 

Sterilized 

 

Lived  Sterilized 

  χ2 P   χ2 P  χ2 P   χ2 P 

Transplanting 

date 5.329 0.021* 2.561 0.109  2.789 0.095†  0.588 0.443 

SoilConditioned/Non-

conditioned 0.001 0.982  8.389 0.004*  0.260 0.610  0.841 0.359 

SoilAlien/Native 0.211 0.646  2.215 0.137  1.375 0.241  0.983 0.322 

Random effects SD 

  

SD 

 

 SD   SD  

Family 0 

  

0 

 

 0   0  

Species 0 

  

0 

 

 0   0  

Residual 0.255     0.172    0.588     0.542   
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Supplementary Table 8 Effects of soil treatments on relative abundance and 

diversity of soil fungal pathogens. 

Significant effects (P < 0.05) are in bold and marked with asterisks, and 

marginally significant effects (0.05 < P < 0.1) are in italics and marked with a dagger 

symbol. 

 

Relative abundance 

  Fungal pathogens 

 

 

Live 

 

Sterilized 

   χ2 P   χ2 P 

 Transplanting date 11.932 0.001* 2.800 0.094† 

 SoilConditioned/Non-

conditioned 1.325 0.250 

 

2.537 0.111 

 SoilAlien/Native 0.002 0.967 

 

1.379 0.240 

 Random effects SD 

  

SD 

  Family 0.000 

  

0.000 

  Species 0.000 

  

0.000 

  Residual 1.043     0.843     
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Species richness  

  Fungal pathogens 

 

 

Live 

 

Sterilized 

   χ2 P   χ2 P 

 Transplanting date 8.487 0.004* 2.601 0.107 

 SoilConditioned/Non-

conditioned 0.144 0.704 

 

4.250 0.039* 

SoilAlien/Native 0.008 0.930 

 

6.707 0.010* 

Random effects SD 

  

SD 

  Family 0.000 

  

0.000 

  Species 1.585 

  

0.938 

  Residual 5.975     3.807     
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Shannon diversity 

  Fungal pathogens 

 

 

Live 

 

Sterilized 

   χ2 P   χ2 P 

 Transplanting date 0.364 0.546 

 

2.911 0.088† 

 SoilConditioned/Non-

conditioned 0.038 0.845 

 

1.390 0.238 

 SoilAlien/Native 0.002 0.966 

 

2.340 0.126 

 Random effects SD 

  

SD 

  Family 0.000 

  

0.151 

  Species 0.000 

  

0.000 

  Residual 0.587     0.542     
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Supplement S3.3 Dissimilarity of soil communities 

Supplementary Table 9 Dissimilarities of soil communities within and between 

species. 

 Four contrasts were made to address the questions: 1) Are soil communities 

more similar (or different) when conditioned by the same plant species than by a 

different species? 2) When conditioned by the same species, are soil communities 

more similar when conditioned by alien species than by native species? 3) When 

conditioned by different species, are soil communities more similar between two 

aliens than between an alien and a native species? 4) When conditioned by different 

species, are soil communities more similar between an alien and a native species than 

between two natives. Significant effects (P < 0.05) are in bold and marked with 

asterisks, and marginally significant effects (0.05 < P < 0.1) are in italics and marked 

with a dagger symbol. 

  Bacteria   All fungi   

Fungal 

pathogens   Fungal endophytes 

  χ2 P   χ2 P   χ2 P   χ2 P 

Within-species vs between 

species 4.307 0.038* 

 

1.038 0.308 

 

2.004 0.157 

 

0.150 0.698 

Within-species: alien vs native 0.080 0.777 

 

1.122 0.289 

 

2.271 0.132 

 

16.292 0.000* 

Alien-alien vs alien-native 0.706 0.401 

 

4.001 0.045* 

 

1.358 0.244 

 

12.108 0.001* 

Alien-native vs native-native 2.687 0.101 

 

3.123 0.077† 

 

2.271 0.132 

 

10.527 0.001* 

Random effects SD 

  

SD 

  

SD 

  

SD 

 species1 0.079 

  

0.137 

  

0.160 

  

0.104 

 family1 0.063 

  

0.000 

  

0.000 

  

0.000 

 species2 0.006 

  

0.207 

  

0.195 

  

0.058 

 family2 0.042 

  

0.071 

  

0.000 

  

0.022 

 Residual 0.080     0.039     0.130     0.120   
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continued 

 

  

  

Pathogenic fungal 

endophytes   

Non-pathogenic fungal 

endophytes 

  χ2 P   χ2 P 

Within-species vs between 

species 1.993 0.158 

 

2.859 0.091† 

Within-species: alien vs native 4.159 0.041* 

 

10.51 0.001* 

Alien-alien vs alien-native 3.611 0.057† 

 

7.863 0.005* 

Alien-native vs native-native 4.812 0.028* 

 

2.324 0.127 

Random effects SD 

  

SD 

 species1 0.154 

  

0.118 

 family1 0 

  

0.03 

 species2 0.175 

  

0.1 

 family2 0 

  

0 

 Residual 0.084 

 

  0.162 
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Supplementary Table 10 Dissimilarities of soil communities within and between species, when sterilized field soil was used as inoculum. 

Contrasts are the same as in Supplementary Table 9. Significant effects (P < 0.05) are in bold and marked with asterisks, and marginally 

significant effects (0.05 < P < 0.1) are in italics and marked with a dagger symbol. 

 

  Bacteria   All fungi   

Fungal 

pathogens   

Fungal 

endophytes 

  χ2 P   χ2 P   χ2 P   χ2 P 

Wthin-species vs between 

species 16.693 <0.001* 

 

0.069 0.793 

 

0.589 0.443 

 

0.508 0.476 

Within-species: alien vs native 0.559 0.454 

 

0.085 0.771 

 

0.637 0.425 

 

1.105 0.293 

Alien-alien vs alien-native 0.002 0.962 

 

0.090 0.764 

 

0.563 0.453 

 

2.159 0.142 

Alien-native vs native-native 0.257 0.612 

 

0.673 0.412 

 

3.097 0.078† 

 

0.543 0.461 

Random effects SD 

  

SD 

  

SD 

  

SD 

 species1 0.148 

  

0.400 

  

0.137 

  

0.263 

 family1 0.085 

  

0.196 

  

0.005 

  

0.004 

 species2 0.087 

  

0.175 

  

0.063 

  

0.256 

 family2 0.095 

  

0.000 

  

0.004 

  

0.001 

 Residual 0.060     0.145     0.157     0.000   
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Supplement S4 Effect of soil microbes on test plants when grown alone 

Supplement S4 is used to test whether soil microbes explained the soil-legacy 

effect (βalone in Fig.1, the effect of soil-conditioning species on test plant when grown 

alone)   
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Supplementary Table 11 Effects of diversity of bacteria and fungi on soil-

legacy effects. 

Marginally significant effects (0.05 < P < 0.1) are in italics and marked with a 

dagger symbol. 

Species richness 

 

 

 

 

 

 

 

 

 

 

 

 

 

Shannon diversity 

  Bacteria  All fungi 

  χ2 P  χ2 P 

Species richness (SR) 0.594 0.441  3.856 0.050† 

Origin (O) 2.555 0.110  2.579 0.108 

O : SR 0.509 0.475  0.501 0.479 

Random effects SD 

 

 SD  

Family (soil) 0.156 

 

 0.175  

Species (soil) 0.11 

 

 0.077  

Family (test) 0.092 

 

 0.097  

Species (test) 0.000 

 

 0.000  

Residual 0.185    0.201  

  Bacteria  All fungi 

  χ2 P  χ2 P 

Shannon diversity (Sh) 0.384 0.535  1.656 0.198 

Origin (O) 2.576 0.108  2.761 0.097† 

O : Sh 0.845 0.358  0.08 0.777 

Random effects SD 

 

 SD  
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  Family (soil) 0.113 

 

 0.201  

Species (soil) 0.135 

 

 0.060  

Family (test) 0.097 

 

 0.097  

Species (test) 0.000 

 

 0.000  

Residual 0.231 

 

 0.199  
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Supplementary Table 12 Effects of relative abundance, species richness, or 

Shannon diversity of fungal pathogens on soil-legacy effects. 

Relative abundance 

  Fungal pathogens 

  χ2 P 

Abundance 2.448 0.118 

Origin (O) 2.409 0.121 

O : abundance 0.945 0.331 

Random effects SD 

 Family (soil) 0.135 

 Species (soil) 0.101 

 Family (test) 0.078 

 Species (test) 0.000 

 Residual 0.224   

Species richness 

  Fungal pathogens 

  χ2 P 

Species richness (SR) 2.569 0.109 

Origin (O) 2.555 0.110 

O : SR 0.095 0.758 

Random effects SD 

 Family (soil) 0.161 

 Species (soil) 0.089 

 Family (test) 0.081 

 Species (test) 0.000 

 Residual 0.224   
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Shannon diversity 

  Fungal pathogens 

  χ2 P 

Shannon diversity (Sh) 1.296 0.255 

Origin (O) 2.443 0.118 

O : Sh 0.032 0.859 

Random effects SD 

 Family (soil) 0.091 

 Species (soil) 0.141 

 Family (test) 0.083 

 Species (test) 0.000 

 Residual 0.237   

 

  



 

185 

 

 

Supplementary Table 13 Effects of soil community dissimilarity on soil-legacy 

effects. 

Significant effects (P < 0.05) are in bold and marked with asterisks, and 

marginally significant effects (0.05 ≤ P < 0.1) are in italics and marked with a dagger 

symbol. 

 

Bacteria   All fungi   

Fungal 

pathogens   

Fungal 

endophytes 

  χ2 P   χ2 P   χ2 P   χ2 P 

Logit(dissimilarity) 2.777 0.096† 

 

2.565 0.109 

 

-0.083 1.000 

 

7.49 0.006* 

Random effects SD 

  

SD 

  

SD 

  

SD 

 Family(soil) 0.186 

  

0.184 

  

0.160 

  

0.193 

 Species(soil) 0.000 

  

0.000 

  

0.000 

  

0.060 

 Family(test) 0.107 

  

0.141 

  

0.000 

  

0.164 

 Species(test) 0.020 

  

0.000 

  

0.121 

  

0.000 

 Residual 0.238     0.260     0.315     0.241   

continued 

 

Pathogenic Fungal 

endophytes   

Non-pathogenic 

fungal endophytes 

  χ2 P   χ2 P 

Logit(dissimilarity) 5.609 0.018* 

 

0.384 0.536 

Random effects SD 

  

SD 

 Family(soil) 0.193 

  

0.075 

 Species(soil) 0.060 

  

0.102 

 Family(test) 0.164 

  

0.000 

 Species(test) 0.000 

  

0.139 

 Residual 0.241 

 

  0.326 
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The analysis included intraspecific soil-legacy effects, i.e. the effect of one 

species on itself, for seven species. The evolutionary history of intraspecific soil-

legacy effects may differ from that of interspecific soil-legacy effects. Therefore, we 

tried to add an intraspecific v.s. interspecific effect to account for this potential effect. 

However, the intraspecific v.s. interspecific effect was not significant and adding it 

did not affect the effect of dissimilarity. Therefore, we did not include it here.  
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Supplement S5 Effects of soil microbes on the strength of competition between 

test plants 

Supplement S5 describes the method of how we tested whether soil microbes 

explained the soil legacy effect (βinter or βintra in Fig.1, the effect of soil-conditioning 

species on strength of competition between focal test and competitor test species), and 

presents the results. 

 

Methods 

We calculated he soil-legacy effect on the strength of interspecific competition, 

𝛽𝑖𝑛𝑡𝑒𝑟,𝑖,𝑗,𝑘, as: 

𝛽𝑖𝑛𝑡𝑒𝑟,𝑖,𝑗,𝑘 = 𝑆𝑡𝑟𝑒𝑛𝑔𝑡ℎ𝑖,𝑗,𝑘 −𝑆𝑡𝑟𝑒𝑛𝑔𝑡ℎ𝑖,𝑗,0(𝑖! = 𝑗) 

𝑆𝑡𝑟𝑒𝑛𝑔𝑡ℎ𝑖,𝑗,𝑘 = ln 𝑏𝑖𝑜𝑚𝑎𝑠𝑠𝑖,𝑗,𝑘 − ln 𝑏𝑖𝑜𝑚𝑎𝑠𝑠𝑖,0,𝑘 

𝑆𝑡𝑟𝑒𝑛𝑔𝑡ℎ𝑖,𝑗,0 = ln 𝑏𝑖𝑜𝑚𝑎𝑠𝑠𝑖,𝑗,0 − ln 𝑏𝑖𝑜𝑚𝑎𝑠𝑠𝑖,0,0 

Here, ln 𝑏𝑖𝑜𝑚𝑎𝑠𝑠𝑖,𝑗,𝑘  is the mean aboveground biomass of focal test species i 

when grown with competitor test species j on soil conditioned by species k. 

ln 𝑏𝑖𝑜𝑚𝑎𝑠𝑠𝑖,0,𝑘 is the mean aboveground biomass of focal test species i when grown 

alone on soil conditioned by species k. Negative values of 𝑆𝑡𝑟𝑒𝑛𝑔𝑡ℎ𝑖,𝑗,𝑘 indicate that 

on soil conditioned by species k, species i was negatively affected by species j. 

Similarly, ln 𝑏𝑖𝑜𝑚𝑎𝑠𝑠𝑖,𝑗,0 is the mean aboveground biomass of focal test species 

i when grown with competitor test species j on non-conditioned soil. ln 𝑏𝑖𝑜𝑚𝑎𝑠𝑠𝑖,0,0 
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is the mean aboveground biomass of focal test species i when grown alone on non-

conditioned soil. Negative values of 𝑆𝑡𝑟𝑒𝑛𝑔𝑡ℎ𝑖,𝑗,0 indicate that on non-conditioned 

soil, species i was negatively affected by species j. 

Consequently, negative values of 𝛽𝑖𝑛𝑡𝑒𝑟,𝑖,𝑗,𝑘  indicate that the effects of 

competitor test species j on the focal test species i were more negative on soil 

conditioned by species k than on non-conditioned soil. In other words, the strength of 

interspecific competition was more negative on soil conditioned by species k. 

Likewise, the soil-legacy effect on the strength of intraspecific competition, 

𝛽𝑖𝑛𝑡𝑟𝑎,𝑖,𝑖,𝑘, was calculated as: 

𝛽𝑖𝑛𝑡𝑟𝑎,𝑖,𝑖,𝑘 = 𝑆𝑡𝑟𝑒𝑛𝑔𝑡ℎ𝑖,𝑖,𝑘 −𝑆𝑡𝑟𝑒𝑛𝑔𝑡ℎ𝑖,𝑖,0 

Negative values of 𝛽𝑖𝑛𝑡𝑟𝑎,𝑖,𝑖,𝑘 indicate that the effects of test species i on itself 

were more negative on soil conditioned by species k than on non-conditioned soil. In 

other words, the strength of intraspecific competition was more negative on soil 

conditioned by species k than on non-conditioned soil. 

 After calculating 𝛽𝑖𝑛𝑡𝑒𝑟,𝑖,𝑗,𝑘  and 𝛽𝑖𝑛𝑡𝑟𝑎,𝑖,𝑖,𝑘 , we tested whether soil enemies 

(one aspect of α) explained the soil legacy effect (𝛽𝑖𝑛𝑡𝑒𝑟,𝑖,𝑗,𝑘 and 𝛽𝑖𝑛𝑡𝑟𝑎,𝑖,𝑖,𝑘; similar 

with what we did in the Model.link.1). To do so, we used linear mixed models and 

included the soil legacy effect as the response variable, and diversities of soil bacteria, 

fungi or fungal pathogens (or relative abundance of fungal pathogens), origin of test 

focal species and their interaction as fixed effects. We added another fixed effect to 

distinguish between 𝛽𝑖𝑛𝑡𝑒𝑟,𝑖,𝑗,𝑘 and 𝛽𝑖𝑛𝑡𝑟𝑎,𝑖,𝑖,𝑘  (i.e. the difference between soil-legacy 

effects on strength of intra- and interspecific competition). We included family and 
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identity of soil-conditioning species, focal test species and competitor test species. To 

improve homoscedasticity of residuals, soil-conditioning species, focal test species 

and competitor test species were allowed to vary their residuals. 

 Finally, we tested whether microbial community dissimilarity (another aspect 

of α) explained the soil-legacy effect (𝛽𝑖𝑛𝑡𝑒𝑟,𝑖,𝑗,𝑘 and 𝛽𝑖𝑛𝑡𝑟𝑎,𝑖,𝑖,𝑘; similar with what we 

did in the Model.link.2). To do so, we used linear mixed models and included the soil-

legacy effect as the response variable, and microbial community dissimilarities 

between soil-conditioning and focal test species, between soil-conditioning and 

competitor test species and between focal test and competitor test species as fixed 

effects. We added another fixed effect to distinguish between 𝛽𝑖𝑛𝑡𝑒𝑟,𝑖,𝑗,𝑘 and 𝛽𝑖𝑛𝑡𝑟𝑎,𝑖,𝑖,𝑘. 

We included family and identity of soil-conditioning species, focal test species and 

competitor test species as random effects. To improve homoscedasticity of residuals, 

soil-conditioning species, focal test species and competitor test species were allowed 

to vary their residuals. Because three out of ten test species were not included in the 

soil-conditioning phase, we were not able to calculate the microbial community 

dissimilarity between them and soil-conditioning species, or between them and other 

test species. Consequently, this analysis was restricted to a small subset (i.e. 268 out 

of 600 sets), and is less comparable with the results shown in Fig. 3c.  
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Supplementary Figure 4 Effects of diversity (species richness or Shannon 

diversity) of bacteria (a, d), fungi (b, e) and fungal pathogens (c, f), and relative 

abundance of fungal pathogens (g) on soil-legacy effects.  

Purple dots represent native test species, and orange dots represent alien test 

species. Negative values of the soil-legacy effect indicate that the strength of 

competition became more negative on conditioned soil than on non-conditioned soil. 

Relative abundance was logit-transformed.  
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Supplementary Table 14 Effects of bacterial and fungal diversities on soil-legacy 

effects. 

Species richness 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

  Bacteria  All fungi 

  χ2 P  χ2 P 

Intra_inter 0.004 0.950  0.002 0.962 

Species richness (SR) 0.006 0.940  1.301 0.254 

Origin (O) 0.681 0.409  0.691 0.406 

O : SR 0.776 0.378  1.406 0.236 

Random effects SD 

 

 SD  

Family (soil) 0.031 

 

 0.056  

Species (soil) 0.075 

 

 0.059  

Family (focal test) 0.000 

 

 0.000  

Species (focal test) 0.228 

 

 0.225  

Family (competitor test) 0.138   0.137  

Species (competitor test) 0.000   0.000  

Residual 0.648    0.631  
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Shannon diversity 

 

  

  Bacteria  All fungi 

  χ2 P  χ2 P 

Intra_inter 0.004 0.952  0.004 0.949 

Shannon diversity (Sh) 0.091 0.763  0.009 0.926 

Origin (O) 0.682 0.409  0.681 0.409 

O : Sh 4.500 0.034*  0.958 0.328 

Random effects SD 

 

 SD  

Family (soil) 0.025 

 

 0.026  

Species (soil) 0.074 

 

 0.077  

Family (focal test) 0.000 

 

 0.000  

Species (focal test) 0.227 

 

 0.226  

Family (competitor test) 0.137   0.137  

Species (competitor test) 0.000   0.000  

Residual 0.658 

 

 0.632  
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Supplementary Table 15 Effect of fungal pathogens’ abundance and diversity 

on soil legacy. 

Relative abundance 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

aThe difference between changes in strength of intraspecific competition and 

changes in strength of interspecific competition 

  

  Fungal pathogens  

  χ2 P  

Intra_intera 0.004 0.950  

Abundance 0.173 0.677  

Origin (O) 0.683 0.409  

O : Abundance 0.427 0.514  

Random effects SD 

 

 

Family (soil) 0.026 

 

 

Species (soil) 0.077 

 

 

Family (focal test) 0.000 

 

 

Species (focal test) 0.226 

 

 

Family (competitor test) 0.137   

Species (competitor test) 0.000   

Residual 0.632    
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Species richness 

 

 

 

 

 

 

 

 

 

 

  

  Fungal pathogens  

  χ2 P  

Intra_inter 0.003 0.955  

Species richness (SR) 0.410 0.522  

Origin (O) 0.686 0.408  

O : SR 1.800 0.180  

Random effects SD 

 

 

Family (soil) 0.026 

 

 

Species (soil) 0.077 

 

 

Family (focal test) 0.000 

 

 

Species (focal test) 0.226 

 

 

Family (competitor test) 0.137   

Species (competitor test) 0.000   

Residual 0.632    
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Shannon diversity 

 

 

  

  Fungal pathogens  

  χ2 P  

Intra_inter 0.005 0.941  

Shannon diversity (Sh) 0.397 0.529  

Origin (O) 0.681 0.409  

O : Sh 7.108 0.008*  

Random effects SD 

 

 

Family (soil) 0.026 

 

 

Species (soil) 0.077 

 

 

Family (focal test) 0.000 

 

 

Species (focal test) 0.226 

 

 

Family (competitor test) 0.137   

Species (competitor test) 0.000   

Residual 0.632 
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Supplementary Figure 5 Effects of soil community dissimilarity on soil-legacy 

effects. a, dissimilarity of fungal communities between focal test and competitor test 

species; b, dissimilarity of fungal pathogen communities between soil-conditioning 

and focal test species; c, dissimilarity of fungal pathogen communities between soil-

conditioning and competitor test species; d, dissimilarity of fungal pathogen 

communities between focal test and competitor test species. Negative values of the 

soil-legacy effect indicate that the strength of competition became more negative on 

conditioned soil than on non-conditioned soil. Soil-community dissimilarity was 

logit-transformed. Only significant effects were plotted.  
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Supplementary Table 16 Effects of soil community dissimilarity on soil-legacy 

effects. 

 

  Bacteria   All fungi   Fungal pathogen   

Fungal 

endophyte 

  χ2 P   χ2 P   χ2 P   χ2 P 

Intra_intera 0.047 0.829 

 

0.578 0.447 

 

0.052 0.820 

 

0.020 0.888 

Logit(dissimilarity)b 3.104 0.078  0.262 0.609  3.896 0.048*  1.301 0.254 

Logit(dissimilarity)c 2.180 0.140  2.953 0.086  6.462 0.011*  0.554 0.457 

Logit(dissimilarity)d 2.094 0.148  15.495 0.000*  5.434 0.020*  0.066 0.797 

Random effects SD 

  

SD 

  

SD 

  

SD 

 Family (soil) 0.073 

  

0.073 

  

0.081 

  

0.000 

 Species (soil) 0.000 

  

0.000 

  

0.000 

  

0.000 

 Family (focal test) 0.000 

  

0.001 

  

0.000 

  

0.000 

 Species (focal test) 0.329 

  

0.375 

  

0.359 

  

0.300 

 Family (competitor test) 0.128   0.142   0.159   0.144  

Species (competitor test) 0.063   0.000   0.073   0.059  

Residual 0.329     0.329     0.330     0.485   

a The difference between changes in strength of intraspecific competition and 

changes in strength of interspecific competition 
b Dissimilarity in soil-community composition between soil-conditioning and 

focal test species 
c Dissimilarity in soil-community composition between soil-conditioning and 

competitor test species 
d Dissimilarity in soil-community composition between focal and competitor test 

species  
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Supplement S6 Phylogenetic relatedness and soil community dissimilarity 

We constructed a phylogenetic tree for our soil-conditioning species by pruning 

the phylogenetic tree constructed by Smith and Brown (2018), which is hitherto the 

most comprehensive tree for seed plants. As Leontodon autumnalis is a synonym of 

Scorzoneroides autumnalis, we used the latter for matching. 

We used the Mantel test to test for significance of the correlation between 

phylogenetic distance and soil-community dissimilarity. Then, we used the Kruskal-

Wallis test to test whether phylogenetic relatedness is affected by the type of species 

combination, that is, between two aliens, between an alien and a native, and between 

two natives. 

Although phylogenetic distance correlated positively with dissimilarity of 

bacterial and fungal endophyte communities (Supplementary Table 17), phylogenetic 

distance was not related to the type of species combination (df = 2, χ2 = 1.05, P = 

0.592). 
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Supplementary Figure 6 Phylogenetic tree of the ten soil-conditioning species. 

Purple indicates native species, and orange indicates alien species. We 

constructed the phylogenetic tree ourselves, using the phylogenetic tree constructed 

by Smith and Brown (2018) as a reference. 
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Supplementary Table 17 Relationship between phylogenetic distance and soil-

community dissimilarity 

Significant effects (P < 0.05) are in bold and marked with asterisks. 

 

Bacteria   All fungi   

Fungal 

pathogens   

Fungal 

endophytes 

r P   r P   r P   r P 

0.354 0.017* 

 

-0.086 0.754 

 

0.070 0.263 

 

0.197 0.040* 

 

The significance of the correlation between phylogenetic distance and soil 

community dissimilarity was tested with a Mantel test. 
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Supplement S7 Details on the statistical analyses 

Analyses of plant performance 

Model.plant.1 

 Random effects: family and species identity of the test (focal and 

competitor plant) and soil-conditioning plants  

 Covariate: transplanting date (to account for the fact that soil-

conditioning plants were transplanted at different times) 

 Variance structure: soil-conditioning species, test species and soil-

conditioning treatments were allowed to vary their residuals by using the 

varComb and varIdent function(Zuur et al. 2009) (to improve 

homoscedasticity of residuals). 

 Data transformation: aboveground biomass was square-root 

transformed (to improve normality of the residuals) 

Model.plant.2 

 Random effects: family and species identity of the test and soil-

conditioning plants 

 Covariate: transplanting date  

 Variance structure: soil-conditioning species, test species and soil-

conditioning treatments were allowed to vary their residuals 

 Data transformation: aboveground biomass was square-root 

transformed (to improve normality of the residuals) 

Analyses of the soil microbial community 
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Model.soil.1 

 Random effects: family and species identity of the soil-conditioning 

plants (added as additional explanatory variables) 

 Covariate: transplanting date (added as additional explanatory 

variables) 

 Variance structure: not applicable (as this is PERMANOVA)  

 Data transformation: no 

Model.soil.2 

 Random effects: family and species identity of soil-conditioning plants  

 Covariate: transplanting date  

 Variance structure: soil-conditioning species were allowed to have 

different variances (only for the models testing relative abundance)  

 Data transformation: relative abundance was logit-transformed. 

Model.soil.3 

 Random effects: family and species identity of soil-conditioning 

species  

 Covariate: no 

 Variance structure: soil-conditioning species were allowed to have 

different variances  

 Data transformation: Bray-Curtis dissimilarities were logit-transformed. 
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Model.link.1 

 Random effects: family and species identity of soil-conditioning and 

test plants  

 Covariate: none  

 Variance structure: soil-conditioning and test species were allowed to 

have different variances (only for the models testing relative abundance)  

 Data transformation: relative abundance was logit-transformed. 

Model.link.2 

 Random effects: family and species identity of soil-conditioning and 

test plants  

 Covariate: none  

 Variance structure: soil-conditioning and test species were allowed to 

have different variances  

 Data transformation: Bray-Curtis dissimilarities were logit-transformed. 

 

 

References for the supplement 

1 Smith, S. A. & Brown, J. W. Constructing a broadly inclusive seed 

plant phylogeny. American Journal of Botany 105, 302-314 (2018). 
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Chapter 4 Evidence for Elton’s diversity-invasibility 

hypothesis from belowground 

Zhijie Zhang, Yanjie Liu, Caroline Brunel, Mark van Kleunen 

Ecology, DOI: 10.1002/ecy.3187 

Abstract 

Sixty year ago, Charles Elton posed that species-rich communities should be 

more resistant to biological invasion. However, still little is known about which 

processes could drive the diversity-invasibility relationship. Here we examined 

whether soil-microbes-mediated apparent competition on alien invaders is more 

negative when the soil originates from multiple native species. We conditioned soils 

with five individually grown native species, and used amplicon sequencing to analyze 

the resulting bacterial and fungal soil communities. We mixed the soils to create 

conditioned soils from one, two or four native species. We then grew four alien 

species separately on these differently soils. In the soil-conditioning phase, the five 

native species built species-specific bacterial and fungal communities in their 

rhizospheres. In the test phase, it did not matter for biomass of alien plants whether 

the soil had been conditioned by one or two native species. However, the alien species 

achieved 11.7% less aboveground biomass when grown on soils conditioned by four 

native species than on soils conditioned by two native species. Our results revealed 

soil-microbes-mediated apparent competition as a mechanism underlying the negative 

relationship between diversity and invasibility. 
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feedback, plant invasion, soil legacy, soil microbes, soil mixture  
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Introduction 

In the last centuries, most regions of the world have been invaded by alien 

organisms (Dawson et al. 2017, Pyšek et al. 2017, Seebens et al. 2018). The 

increasing numbers of naturalized alien species have stimulated discussion on how to 

increase resistance of ecological communities to biological invasions. Elton (1958) 

posed that species-rich communities are more resistant to invasion. Support for 

Elton’s diversity-invasibility hypothesis comes from experiments, particularly on 

plants (Levine 2000, Levine et al. 2004). Theoretical models usually ascribed this 

relationship to a lack of available resources in species-rich communities (Case 1990, 

Byers and Noonburg 2003), likely because Elton (1958) introduced his hypothesis 

with several examples in which resource competition was likely to determine 

invasibility (i.e. the probability of an alien species to establish in a native community). 

However, most experimental studies focused on the relationship between diversity 

and invasibility, but not on the potential underlying mechanisms. Moreover, Elton 

noted that “there may be many indirect influences, acting through other species like 

parasites or enemies” (Elton 1958). Yet, it remains unknown whether such apparent 

competition (Holt 1977) - mediated by higher trophic levels - could drive the 

relationship between diversity and invasbility. 

The last two decades has seen an increase in evidence for the importance of soil 

microbes in mediating plants coexistence. Numerous studies found that plants can 

modify the soil microbial communities by releasing organic matter and other chemical 

compounds, which influence performance of the plants that later grow on the same 

soil (Bever et al. 1997, Kulmatiski et al. 2008, Bennett and Klironomos 2019). 
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However, few studies have tested how species-rich communities affect later plants 

through modifying soil microbial communities (but see Müller et al., 2015; Robin et 

al., 2018). This is surprising, given that natural plant communities typically contain 

multiple intermingled species that each might have different effects on microbes. As 

soil microbes include different functional groups that can increase (mutualists) or 

decrease (pathogens) plant growth (Morris et al. 2007), plant-diversity-mediated 

changes in the microbial community might affect establishment of introduced plant 

species. Until now, we still know little about whether species-rich plant communities 

better resist alien plants through soil microbes than species-poor communities do.  

Several hypotheses offer insights into how soil-microbes-mediated apparent 

competition could affect the diversity-invasibility relationship, but they predict 

different patterns. First, the amplification-effect hypothesis proposes that species-rich 

communities of plant species harbor a greater diversity and abundance of pathogens 

(Hudson et al. 2006, Keesing et al. 2006). This increases the likelihood that some of 

those pathogens will negatively affect invaders. Following this logic, species-rich 

communities should be better able to resist alien plants. Second, the dilution-effect 

hypothesis proposes that species-rich communities reduce the abundance of highly 

susceptible hosts (Schmidt and Ostfeld 2001, Ostfeld and Keesing 2012), and that this 

reduces the prevalence of pathogens. Following this logic, species-rich communities 

should be less able to resist alien plants. Third, the enemy-release hypothesis proposes 

that alien plants are released from enemies, such as pathogens (Mitchell and Power 

2003). Following this logic, even when the diversity of plant communities affects 

pathogens, it might not strongly affect resistance of the plant communities to alien 

plants. It should be noted that the three predictions above are based on effects of 
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pathogens. However, consideration of mutualists would result in similar but opposite 

predictions. For example, if plant diversity amplifies mutualists, species-rich 

communities will be less able to resist alien plants (Reinhart and Callaway 2006). 

Given the contrasting predictions, empirical tests are necessary to test whether and 

how soil microbes contribute to the diversity-invasibility relationship. 

Here, we conducted an experiment with five native plant species and four alien 

plant species to test whether the diversity-invasibility relationship may be mediated 

by soil microbes. We first grew each of the five native species individually to 

condition soils. Then in a second phase, we mixed soil samples from one, two or four 

native species, and grew one of the four alien species on the soil mixture. As the 

approach of mixing soil samples per se might affect plants by increasing diversity of 

soil microbes, even if the soil samples come from the same species (Reinhart and Rinella 

2016, Rinella and Reinhart 2018, Gundale et al. 2019, Peacher and Meiners 2020), we 

additionally created soil mixtures for single native species from one, two or four different 

individuals, and then grew one of the four alien species on the soil mixture. We tested the 

following specific questions: 1) Does diversity of native plant species affect growth of alien 

plant species through soil-microbes-mediated competition; and 2) Does the number of 

samples used to create the soil mixture affect growth of alien plant species.  
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Materials and Methods 

 

Figure 1 Graphical illustration of the experimental design. a. In the experiment for 

testing the effect of native plant diversity on alien plants, soil samples conditioned by 

one, two or four native species were collected from four individuals (soil-conditioning 

phase). b. In the experiment for testing the effect of mixing soil, soil samples 

conditioned by one of the five native species were collected from one, two or four 

individuals (soil-conditioning phase). Note, that the treatment with four individuals in 

the experiment on the effect of mixing soil (the right side in b) was also part of the 

experiment on the effect of native plant diversity (the left side in a). Then, the soil 

samples were used as inoculum, and mixed with sand and vermiculite (soil mixing). 

In each pot, one plant of each alien species was grown (test phase). The total amount 

of soil used to inoculate each pot was constant (i.e. 160 ml). Five native species and 

four alien species were used in the soil-conditioning phase and test phase, respectively. 

Study species 
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We conducted a greenhouse experiment in which we used five herbaceous 

species that are native to Germany (Dactylis glomerata, Leontodon autumnalis, Lotus 

corniculatus, Plantago media, Salvia pratensis) to condition the soil, and four alien 

herbs (Epilobium ciliatum, Lolium multiflorum, Senecio inaequidens, Vicia villosa) as 

test species. We used multiple aliens as test species to increase our ability to 

generalize the results (van Kleunen et al. 2014). The classification of the status of the 

nine species was based on the FloraWeb database (Bundesamt für Naturschutz 2003). 

All species are widespread in Germany and can be locally abundant. So, the four alien 

species can be classified as naturalized (and probably invasive; sensu Richardson et 

al., 2000) in Germany. The nine species mainly occur in grasslands and overlap in 

their distributions (Bundesamt für Naturschutz 2003), so that they are likely to co-

occur in nature. Seeds of the native species were obtained from Rieger-Hofmann 

GmbH (Blaufelden-Raboldshausen, Germany), and seeds of alien species were 

obtained from the Botanical Garden of the University of Konstanz. 

Experimental setup 

The experiment consisted of three steps (Fig. 1). In step 1, we had the soil-

conditioning phase, in which we conditioned the soils by growing each of the five 

native species individually on the soils. In step 2, we collected soil samples from the 

soil-conditioning phase, and created different soil-mixture treatments: soil mixtures 

conditioned by one, two or four species. In step 3, the test phase, we grew the four 

alien species individually on each soil mixture and determined biomass production. 

Details on each of these steps are given below. 
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Soil-conditioning phase (step 1) 

The soil-conditioning phase here was same as that in Chapter 3, as we used the 

remained soil from the experiment in Chapter 3.  

In detail, on 18 or 27 June 2018, we sowed seeds of the five native species. Each 

species was sown into a separate tray (10cm × 10cm × 5cm) filled with potting soil 

(Topferde@, Einheitserde Co., Sinntal-Altengronau, Germany). The soil and seeds 

were not sterilized. Because we wanted the different species to be in similar 

developmental stages at the beginning of the experiment, we sowed the species at 

different times (Table S1), according to their germination speed known from previous 

experiments. We then placed the trays with seeds in a greenhouse under natural light 

conditions, with a temperature between 18 and 25°C.  

On 9 July 2018, we transplanted 140 seedlings of each native species into 1.5-L 

pots filled with 25% field soil, 37.5% nonsterilized sand and 37.5% nonsterilized 

vermiculate. Each pot contained one single seedling. The field soil, served as 

inoculum to provide a live soil biotic community, had been collected from a grassland 

site in the Botanical Garden of the University of Konstanz (47.69oN, 9.18oE). The soil 

had been sieved through a 1cm mesh to remove plant material and large stones. We 

placed each of the 700 pots on its own plastic dish to preserve water and to avoid 

cross-contamination through soil solutions leaking from the pots. We replaced 

seedlings that died within two weeks after transplanting by new ones. The pots were 

randomly allocated to positions in four greenhouse compartments (23°C/18°C 

day/night temperature, no additional light), fertilized with an NPK water soluble 

fertilizer (Universol Blue®, Everris, Nordhorn, Germany) at a concentration of 1‰ 
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m/v seven times (100ml fertilizer per pot per time), watered as needed, and re-

randomized twice.  

From 22 to 26 October 2018, we collected soils from each pot by first cutting the 

shoot and then removing the roots from the soil by sieving it through a 5-mm mesh. 

We randomly selected 120 pots of soil for each of the five species (600 pots in total), 

and used them to create the different soil-mixture treatments. 

Soil-mixture treatments (step 2) 

To create a species-diversity gradient, we mixed soil samples from the soil-

conditioning phase to create three treatment levels, which we call diversity-1, 

diversity-2 and diversity-4 (Fig. 1a). In the diversity-1 treatment, we collected a total 

of 160 ml soil from four different pots of the same species (i.e. 40 ml from each pot). 

In the diversity-2 treatment, we collected a total of 160 ml soil from four different 

pots of two species (i.e. two pots per species). In the diversity-4 treatment, we 

collected a total of 160 ml soil from four different pots of four species (i.e. one pot per 

species). Then, the 160 ml of soil was mixed with 220 ml nonsterilized sand and 220 

ml nonsterilized vermiculite, and put into 0.6-L pots, which were then used in the test 

phase described below. As we had a total of five native species in the soil-

conditioning phase, this resulted in five possible species or combinations for 

diversity-1 and for diversity 4, but ten possible combinations for diversity-2. To have 

equal numbers of combinations for each diversity treatment, we therefore used only 

five out of the ten possible combinations for diversity-2. We did this in such a way 

that each species was included in two of the five combinations. Consequently, we had 

five species or species combinations for each diversity treatment. Each of those 
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combinations was replicated eight times, such that we had a total of 120 pots for the 

test phase (see Table S2 for combinations of native species that were used). Once we 

had collected soil from a pot of the soil conditioning phase, we did not use that pot 

again. This was done to avoid pseudoreplication (Hurlbert 1984), because this way no 

two pots in the test phase shared soil from the same pot of the soil-conditioning phase 

(i.e. they were independent). 

In the diversity-1 treatment, we used soil of one single plant species, and in the 

diversity-2 treatment, we used soil of two plant species. Nevertheless, we still 

collected the soil from four different pots, just like in the diversity-4 treatment. We 

did this because recent studies argued that the approach of mixing soil samples per se 

can affect plants by increasing diversity of soil biota (Reinhart and Rinella 2016, 

Rinella and Reinhart 2018). More specifically, the composition of the soil biotic 

community can vary substantially across centimeters given their immense diversity 

(Decaëns 2010). So, microbes from different soil samples could differ in their identity, 

even when conditioned by the same plant species. This means that mixing soil 

samples might increase the diversity of mutualists and/or pathogens. Therefore, by 

consistently mixing soil samples from four pots for all diversity treatments, we 

reduced the potential side effects resulting from soil mixing.  

Furthermore, to explicitly test whether the mixing of soil samples from different 

individuals of the same species affects plants in test phase, we added two further one-

species (i.e. diversity-1) treatments (Fig. 1b). In one of the treatments, we collected a 

total of 160 ml soil from just one pot, and in the other treatment, we collected a total 

of 160 ml soil from two different pots (80 ml from each pot). Each of these two 
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additional treatments was replicated eight times for each of the five native species, 

such that we had a total of 80 additional pots for the test phase.  

Test phase (step 3) 

Between 9 and 18 October 2018 (Table S1), we sowed the four alien species into 

trays filled with the same type of potting soil as in the soil conditioning phase. The 

soil and seeds were not sterilized. On 27 October 2018, we transplanted the seedlings 

into the 0.6-L pots prepared in the soil mixture phase. We assigned the seedlings in 

such a way that each alien species was replicated twice on each soil of a native 

species or native species combination (totaling 50 pots per test species). We placed 

each of the 200 pots on its own plastic dish. The pots were randomly allocated to 

position in a greenhouse compartment (20°C/15°C day/night temperature, 14 h/10 h 

day/night light), and re-randomized once during the experiment. The plants were 

fertilized with a water soluble NPK fertilizer (Universol Blue®, Everris, Nordhorn, 

Germany) at a concentration of 1‰ m/v four times (100ml fertilizer per pot per time). 

The fertilizer addition might have affected the microbial communities (in ’t Zandt et 

al. 2019), but as all pots received the same amount of fertilizer, it should not affect 

comparability of the different treatments. By homogenizing the soils in the soil-

mixture treatments, inoculating a small amount (26.7% v/v) of conditioned soil and 

fertilizing the plants throughout the experiment, we likely removed differences in 

abiotic properties between treatments. Therefore, any differences, if found, would be 

mainly due to differences in biotic properties of the soils. On 18 December 2018, 

seven weeks after the start of the test phase, we harvested all aboveground plant parts, 

and then washed the roots free from soil. The biomass was dried at 70°C for one week 

to constant weight, and weighed to the nearest milligram.  
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Soil sampling, DNA extraction, amplicon sequencing and bioinformatics 

From 22 to 26 October 2018, when we harvested the conditioned soil, we 

randomly selected six pots for each of the five native species. For each of these pots, 

10-20ml rhizosphere-soil was collected into a sterile 50-ml cylindrical tube, and 

stored at -80℃ until required for DNA extraction. We extracted DNA from 0.25g of 

each soil sample using the DNeasy® PowerSoil® Kit (Qiagen, Hilden, Germany), 

following the manufacturer’s protocol. 

 PCR amplifications and amplicon sequencing were then performed by 

Novogene (Beijing China). In brief, V3-V4 region of bacterial 16S rDNA gene was 

amplified in triplicate with the universal primers 341F/806R (forward primer: 5’-

CCTAYGGGRBGCASCAG-3’; reverse primer: 5’- 

GGACTACNNGGGTATCTAAT-3’) (Klindworth et al. 2013). The ITS2 region of 

fungal rDNA gene was amplified in triplicate with the specific primers ITS3 (5’-

GCATCGATGAAGAACGCAGC-3’) and ITS4 (5’- 

TCCTCCGCTTATTGATATGC-3’) (Orgiazzi et al. 2012). The amplification was 

conducted in 25 μl reactions under the following conditions: initial denaturation at 

95 °C for 3 min, followed by 30 cycles at 95 °C for 30 s, 55 °C for 30 s, 72 °C for 45 

s, and a final extension step of 5 min at 72 °C. All PCR reactions were carried out 

with Phusion® High-Fidelity PCR Master Mix (New England Biolabs). PCR products 

were mixed in equidensity ratios. Then, mixtures of PCR products were purified with 

Gel Extraction Kit (Qiagen, Germany). The libraries were generated with NEBNext® 

UltraTM DNA Library Prep Kit for Illumina and analyzed using the NovaSeq Illumina 

platform. 
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We processed the raw sequences with the DADA2 pipeline (Callahan et al. 2016), 

which is designed to resolve exact biological sequences (Amplicon Sequence Variants 

[ASVs]) from Illumina sequence data and does not involve sequence clustering (Callahan et 

al. 2017). The detailed process was described in Brunel et al. (2019). In short, we removed 

primers and adapter with the cutadapt package (Martin 2011), merged paired-end sequences, 

and removed chimeras. Then, we assigned the sequences to taxonomic groups using the 

SILVA (Quast et al. 2013) and the UNITE (Nilsson et al. 2018) taxonomic databases for 

bacteria and fungi, respectively. Last, we rarefied bacteria and fungi to 30,000 and 10,000 

reads, respectively, to account for differences in sequencing depths. One sample that did not 

have enough reads for bacteria and two samples that did not have enough PCR product for 

fungi were excluded from soil analyses. Putative fungal functional groups (e.g. arbuscular 

mycorrhiza fungi, plant pathogens and endophytes) were identified using FUNGuild (Nguyen 

et al. 2016). 

Statistical analyses 

To test whether soil-microbes-mediated apparent competition on alien invaders 

is more negative when the soil originates from multiple native species, we used mixed 

effect models to analyze the biomass production of the alien plants, as implemented in 

the nlme package (Pinheiro et al. 2018) with R 3.4.0 (R Core Team 2019). This 

analysis was restricted to the subset of 120 plants that grew in pots inoculated with 

soil samples from four different pots of the conditioning phase (Fig. 1a). The models 

included aboveground, belowground or total biomass as the response variables, and 

soil-diversity treatment (i.e. diversity-1, -2 and -4) as the fixed effect. The models 

included identity of the alien species and identity of the soil (i.e. identity of the native 

species for diversity-1, and identity of the species combination for diversity-2 and -4 
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treatments) as random effects. Because initial data exploration showed that the effect 

of diversity is nonlinear, we included soil-diversity as a categorical instead of as a 

continuous variable. To improve homoscedasticity of residuals, we allowed the alien 

species and soil-diversity treatments to have different variances by using the varComb 

and varIdent functions (Zuur et al. 2009). We assessed the significance of soil-

diversity treatment with likelihood-ratio tests by comparing models with and without 

the soil-diversity treatment (Zuur et al. 2009). We then performed multiple pairwise 

comparisons with Tukey correction to test for pairwise differences among the three 

soil-diversity levels with the multicomp package (Hothorn et al. 2008). In addition, 

because the effect of soil microbe can be species-specific (Bever et al. 1997) , we also 

tested the effect of soil-diversity on each alien species separately.  

To test whether mixing soil samples affected growth of alien species, we used a 

similar analysis approach as for the test of soil-diversity effects. The only differences 

were that we used the subset of 120 alien plants that grew on soils from single species 

(i.e. diversity-1; Fig. 1b), and that we used the number of soil samples instead of soil-

diversity as the fixed effect. Forty pots of this dataset were shared with the dataset 

used to test soil-diversity effects (i.e. the pots of diversity-1 in Fig. 1a). Again, we 

tested the effect of number of soil samples on each alien species separately. 

To test whether the five native plant species differently conditioned the soil 

microbial communities, we first used a linear model to analyze the alpha diversities of 

soil microbes. The models included species richness or Shannon indexes as the 

response variables, and plant species identity as the explanatory variables. We 

assessed the significance of differences among plant species with likelihood-ratio tests 

by comparing models with and without the factor ‘plant species identity’. Second, we 
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analyzed whether variation in composition of microbial communities was explained 

by plant species identity by using Bray–Curtis dissimilarities and permutational 

analysis of variance (PERMANOVA), as implemented in the adonis function of the 

vegan package (Oksanen et al. 2019). Before calculating the Bray–Curtis 

dissimilarities, we square-root transformed the reads so that rare ASVs had more 

weight (relative to their abundance) on the Bray–Curtis dissimilarities. We used 

nonmetric multidimensional scaling (NMDS) to illustrate differences in the 

composition of soil microbial communities of the plant species. Third, we determined 

shared and unshared taxa among plant species (based on ASVs occurring in at least 

one of the samples) and visualized them using 5-sets-Venn diagrams with the eulerr 

package (Larsson 2018).  
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Results 

Microbial communities of conditioned soils 

We detected a total of 21,724 bacterial Amplicon Sequence Variants (ASVs) and 

1,231 fungal ASVs. Identity of native plant species did not significantly explain 

Shannon diversity (Table S8; Fig. S4). However, identity of native plant species 

marginally explained species richness of bacterial and fungal communities (Table S8; 

Fig. S4), and largely explained the variation in composition of bacterial communities 

(Fig. 2a; PERMANOVA, r2 = 0.249, F = 1.990, p = 0.001) and that of fungal 

communities (Fig. 2b; PERMANOVA, r2 = 0.195, F = 1.391, p = 0.001). In addition, 

55.1% of bacterial ASVs and 61.4% of fungal ASVs were not shared among native 

plant species (Fig. 2d & 2e). 

  Fungal functional groups (i.e. AMF, plant pathogen and endophyte) could be 

assigned to 490 ASVs, representing 33.9 % of the ITS sequence reads. Of these ASVs, 

26 were identified as AMF, 101 as endophytes and 134 as plant pathogens (54 ASVs 

were identified as both plant pathogen and endophyte). Although identity of native 

plant species only marginally explained variation in composition of identified fungal 

endophytes (Fig. S5; PERMANOVA, r2 = 0.193, F = 1.370, p = 0.083; for AMF we 

had insufficient data), it largely explained variation in composition of identified 

fungal pathogens (Fig. 2c; PERMANOVA, r2 = 0.164, F = 1.307, p = 0.034). In 

addition, 42.1% of fungal pathogen ASVs were not shared among native plant species 

(Fig. 2f). 
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Figure 2 Dissimilarity (beta diversity and unshared ASVs) of bacterial (a, d), fungal 

(b, e) and fungal pathogen (c, f) community composition among soils conditioned by 

different native species. Different colors represent different plant species. In the 

NMDS figures (upper panel), data points represent soil samples. Ellipses represent 

means ± 1 SDs for each native plant species. 
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Biomass of plants in the test phase 

Diversity of the native species used to create the soil inocula affected the 

aboveground biomass production of the alien plants significantly (χ2 = 7.956, P = 

0.019; Table S3). The aboveground biomass of the alien plants was not significantly 

different between the diversity-1 and diversity-2 treatments (Fig. 3a; multiple 

comparison for diversity-2 vs diversity-1, z = 1.123, P = 0.500). In other words, it did 

not matter whether the soil inoculum came from one or two native species. However, 

the alien plants produced 11.7% less aboveground biomass in the diversity-4 

treatment than in the diversity-2 treatment (Fig. 3a; diversity-4 vs diversity-2, z = -

2.964, P = 0.008). Although the alien plants tended to also achieve less aboveground 

biomass (-7.26%) in the diversity-4 treatment than in the diversity-1 treatment (Fig. 

3a), the difference was not statistically significant (diversity-4 vs diversity-1; z = -

1.638, P = 0.230). A similar pattern was found for total biomass, but there the effect 

of diversity-4 vs diversity-2 was marginally significant (Fig. S1; diversity-4 vs 

diversity-2, z = -2.067, P = 0.096). Belowground biomass did not differ among the 

three diversity treatments (Fig. S1; Table S3). In analyses of each alien plant species 

separately, we did not find significant effects of the diversity treatments on 

aboveground biomass (Table S6). However, three out of the four species (Lolium 

multiflorum, Senecio inaequidens and Vicia villosa) showed patterns similar to those 

of the analysis of all four species jointly (Fig. S2). 

 We found that the approach of mixing soil samples per se did not affect the 

biomass production of the alien plants (Table S5). When the alien plants grew on soils 

from a single native species, their aboveground biomass did not change with the 

number of pots from which the soil had been collected (Fig. 3b; Table S5; 4 vs 2 soil 
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samples, z = -0.296, P =0.953; 4 vs 1 soil samples, z = 0.228, P =0.972; 2 vs 1 soil 

samples, z = 0.519, P =0.862). Similar patterns were found for total and belowground 

biomass (Fig. S1c & S1d; Table S5), and for each alien plant species (Table S7; Fig. 

S3). 

  

Figure 3 Aboveground biomass (means ± SEs) of alien plants when their pots had 

been inoculated with soil conditioned by one, two or four native species (a) and when 

their pots had been inoculated with soil samples conditioned by one, two or four 

individuals of the same species (b). Grey dots represent mean values of aboveground 

biomass of alien plants when grown on soil conditioned by different native species or 

by different native species combinations. Different letters above the error bars 

indicate significant differences (P < 0.05) between different treatments based on 

Tukey’s multiple comparison. n.s. indicates no significant differences among 

treatments. 
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Discussion 

We here show that alien plants achieved less aboveground biomass when grown 

on a mixture of soil conditioned by four native species than when grown on a mixture 

of soil conditioned by two native species. So, whereas previous studies frequently 

ascribed the negative relationship between diversity and invasibility to resource 

competition (Byers and Noonburg 2003), we showed that this relationship could also 

be driven by soil-microbes-mediated apparent competition. 

The negative effect of soil from species-rich native communities on alien plants 

could be mediated by the establishment of a diverse community of soil pathogens 

during the conditioning phase. This is indicated by our finding that composition of 

fungal pathogen communities in their rhizospheres differed among native plant 

species. Interestingly, the difference in composition of fungal pathogen communities 

among plant speices was mainly driven by rare pathogens, as the difference was more 

apparent when we put more weight on the rare pathogens (i.e. by square-root 

transforming reads of pathogens when calculating the Bray-Curtis dissimilarity; see 

Fig. S7 for the results that are based on untransformed data). Taken together, plant 

communities that contained multiple native species could harbor a greater diversity of 

plant pathogens, some of which might be rare but have strong negative impact on the 

alien plant.  

The preceding conclusion thus supports the amplification-effect hypothesis 

(Keesing et al. 2006), and does not support the predictions of the dilution-effect 

hypothesis (Schmidt and Ostfeld 2001, Ostfeld and Keesing 2012) and the enemy-

release hypothesis (Mitchell and Power 2003). One explanation for the latter could be 
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that, although alien plants could escape from their co-evolved enemies (i.e. specialist 

enemies), they might still encounter biotic resistance from generalist enemies (Maron 

and Vilà 2001, Dawson et al. 2014, Zhang et al. 2018b). This explanation becomes 

more plausible given that the dilution effect is less likely to happen when pathogens 

are generalists (Power and Mitchell 2004). Therefore, our finding that species-rich 

communities are more resistant to biological invasion might be driven by generalist 

pathogens. It needs to be kept in mind that mutualists (e.g. arbuscular mycorrhizal 

fungi) are also important in determining soil-microbes-mediated effects and invasion 

success (Bever et al. 1997, Richardson et al. 2000a). As our soil contained few 

mutualists, research that uses mutualist-abundant soil could provide new insights. 

Although species-rich communities could suppress alien plant performance 

through modifying soil microbes, this effect was only significant when we compared 

the alien plants grown on soils conditioned by four native species with those grown on 

soils conditioned by two native species. The comparisons with plants grown on soils 

conditioned by only one native species (i.e. diversity-1 vs diversity-2, and diversity-1 

vs diversity-4) were not significant. Probably, this is because at low diversity, the 

variation among native species in their effects on the alien species was large (see error 

bars of diversity-1 in Fig. 3). As we have a relative low number of replicates (i.e. five 

native species), the difference between diversity-1 and other diversity levels might 

become more apparent when using more native species. In addition, invasion is a 

probabilistic process (Crawley 1987, Levine and D'Antonio 1999), and the probability 

that a community includes native species that can impede alien plants increases with 

the diversity of the community. Such a selection effect (Huston 1997) is also indicated 

by the 14.9% higher variance in the diversity-1 treatment than diversity-2 and -4 
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treatments. If most native species do not strongly affect the alien plants, it will, 

however, be difficult to detect a diversity effect at low diversities. This could explain 

the absence of a difference in biomass production of aliens between the diversity-1 

and diversity-2 treatments.  

Unexpectedly, root biomass of alien plants did not change with diversity of 

native communities. Possibly, our finding may reflect that the alien plants have high 

phenotypic plasticity (Davidson et al. 2011), and changed their root-shoot allocation 

in such a way that they could maintain maximum root biomass under different 

conditions. However, we did not find a significant response of root weight ratio to 

diversity of native communities (Table S4). An alternative explanation could be that 

roots in all diversity treatments were limited by pot size. Poorter et al. (2012) found 

that pot limitation starts to happen when total plant biomass per unit pot volume 

exceeded 1 g/L. In our study, the total plant biomass per unit pot volume was 1.45 g/L 

on average. Although this value is lower than in most pot experiments analyzed by 

Poorter et al. (2012), it indicates that roots were slightly bounded. 

When growing alien plants on soil from a single native species, we found that 

aboveground biomass of the alien plants did not change with the number of 

individuals (i.e. pots) from which the conditioned soil came. The absence of such an 

effect could reflect that in our study, genetic variation among the individuals of a 

native species was likely to be low, because the seeds used for each species came 

from the same origin. In addition, the field where we collected the soil used as 

inoculum of live soil biota was relatively homogeneous. Possibly, if genetic variation 

of the species used for soil conditioning would be high or if the composition of soil 

biota varies substantially across small spatial scales, it might matter whether one 
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mixes soil samples from different individuals or not. Therefore, we recommend to 

always account for potential mixing effects in diversity studies by using soil samples 

from an equal number of plant individuals  

Future directions 

Invasibility refers to the probability of invaders to establish in native 

communities. Therefore, it is determined by two stages: 1) the probability of 

germination of the invaders, and 2) if germinated, the probability of maintaining 

persistent populations. We tested individual growth, which is likely to positively 

correlate with population growth and thus the probability of maintaining persistent 

populations. However, as the magnitude and direction of soil-mediated apparent 

competition can vary across different life stages (Dudenhöffer et al. 2018), more 

comprehensive tests require also longer-term investigations that consider all life 

stages (e.g. germination and reproduction).  

 We found that the diversity-4 treatment reduced biomass of alien species by 

11.7%. It remains unknown whether this reduction is sufficient to eliminate the 

dominance of alien species over natives. Previous multispecies experiments offer us 

some clues showing that native species produced 13.6 to 38.3% less biomass than 

aliens (Godoy et al. 2011, Zhang and van Kleunen 2019). Therefore, the dominance 

of alien species over natives would be alleviated if native species are less limited by 

the negative effects from native communities than aliens are. As we know little about 

whether native and alien species respond differently to soil-microbes-mediated 

apparent competition, direct tests that include both alien and native species in the test 

phase are needed. 
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The soil that we used to create the different diversity levels came from pots in 

which plants were grown without direct interaction (i.e. resource competition). It 

could be argued that the lack of direct plant-plant interactions in the soil-conditioning 

phase could have biased our results (Leff et al. 2018). For example, resource 

competition can affect plant growth and possibly root exudation, which may change 

the microbial community, and thus the effects on alien plants in the test phase. By 

mixing soil conditioned by different species rather than directly using soil conditioned 

by communities that consist of multiple species, we removed the effect of resource 

competition on the microbial community. Nevertheless, our method allowed us to 

isolate the effect of diversity that resulted from soil-microbes-mediated apparent 

competition. Still, research that includes direct interaction is needed to identify 

whether and how resource competition modifies diversity effect mediated by soil 

microbes. 

 

Conclusions 

Sixty years after Elton (1958) proposed the diversity-invasibility hypothesis, 

mounting evidence has shown that, at the local scale, species-rich communities are 

better at resisting invasion by alien plants (Beaury et al. 2019; but see Peng et al. 

2019) . However, few studies have tested the mechanisms underlying the diversity-

invasibility relationship. Here, we revealed soil-microbes-mediated apparent 

competition as one mechanism. As invasibility is an emergent property of multiple 

types of interactions, a next step would be to test the relative importance of soil-
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microbes-mediated apparent competition and other processes, such as resource 

competition, in determining the diversity-invasibility relationship. 
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Supplementary materials 

Supplement S1 Additional information on plant species and the soil mixtures 

Table S1 The five native and four naturalized alien perennial herbs included in the 

study.  

Species Family status Sowing date 

Soil-conditioning phase 
   

Dactylis glomerata Poaceae native Jun-27 2018 

Leontodon autumnalis Asteraceae native Jun-25 2018 

Lotus corniculatus Fabaceae native Jun-18 2018 

Plantago media Plantaginaceae native Jun-25 2018 

Salvia pratensis Lamiaceae native Jun-25 2018 

Test phase 
   

Epilobium ciliatum Onagraceae alien Oct-9 2018 

Lolium multiflorum Poaceae alien Oct-18 2018 

Senecio inaequidens Asteraceae alien Oct-16 2018 

Vicia villosa Fabaceae alien Oct-16 2018 
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Table S2 The 15 types of soil mixtures that were used to test effects of diversity on 

alien plants. Each row indicates one types of soil mixture, and gray-filled cells 

indicate the species included in the soil mixture. 

For soil mixtures with one species, we directly included all five types (i.e. five 

species). For soil mixtures with two species, we included five combinations, where 

each species occurs in an equal number (two) of combinations. For soil mixtures with 

four species, we included all five possible combinations. We replicated each type of 

soil mixture eight times, and they were invaded by four alien species. 

Diversity Combinations D. 

glomerata 

L. 

autumnalis 

L. 

corniculatus 

P. media S.pratensis 

1 1      

2      

3      

4      

5      

2 6      

7      

8      

9      

10      

4 11      

12      

13      

14      

15      
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Supplement S2 Overall effects of native diversity or number of soil samples on alien plant species 

Table S3 Effects of native diversity on biomass production of alien plant species. P-values of significant (P < 0.05) effects are shown in bold, 

and those of marginally significant (0.05 ≤ P <0.1) effects are shown in italics. 

 Aboveground  Belowground  Total 

                            χ2  P  χ2 P  χ2 P 

Native diversity 7.956 0.019  0.125 0.939  4.295 0.117 

Random effects SD 
 

 SD   SD  

Identity of alien  0.064 
 

 0.140   0.206  

Identity of soil 0.000 
 

 0.000   0.000  

Residual 0.185    0.061   0.233  

The significance of native diversity in the mixed models was assessed with likelihood-ratio tests when comparing models with and without the 

effect of native diversity. 

 

  Aboveground   Belowground   Total 

 

Estimate SE z P 

 

Estimate SE z P 

 

Estimate SE z P 

Diversity-2 vs -1 0.032 0.028 1.123 0.500   0.002 0.016 0.113 0.993   0.047 0.038 1.222 0.439 

Diversity-4 vs -1 -0.047 0.028 -1.638 0.230 

 

0.006 0.017 0.346 0.936 

 

-0.033 0.043 -0.771 0.720 

Diversity-4 vs -2 -0.078 0.026 -2.964 0.009   0.004 0.017 0.252 0.966   -0.080 0.039 -2.067 0.096 

The significance of difference between each two levels was assessed with Tukey’s multiple comparison test.  
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Table S4 Effects of native diversity on root weight ratio of alien plant species.  

 Root weight ratioa 

                            χ2  P 

Native diversity 2.938 0.230 

Random effects SD 
 

Identity of alien  0.505 
 

Identity of soil 0.000 
 

Residual 0.465   
a root weight ratio was logit transformed to improve normal distribution of residuals 

 

  Root weight ratio 

 

Estimate SE z P 

Diversity-2 vs -1 0.017 0.062 0.273 0.960 

Diversity-4 vs -1 0.103 0.062 1.679 0.213 

Diversity-4 vs -2 0.086 0.066 1.311 0.389 
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Table S5 Effects of the number of mixed soil samples on biomass production of alien plant species.  

 Aboveground  Belowground  Total 

                            χ2  P  χ2 P  χ2 P 

Number of soil samples 0.345 0.842  0.725 0.696  0.161 0.923 

Random effects SD 
 

 SD   SD  

Identity of alien  0.063 
 

 0.122   0.176  

Identity of soil 0.062 
 

 0.030   0.103  

Residual 0.146    0.064   0.184  

The significance of the number of soil samples in the mixed models was assessed with likelihood-ratio tests when comparing models with and 

without the effect of number of soil samples. 

 

  Aboveground   Belowground   Total 

 

Estimate SE z P 

 

Estimate SE z P 

 

Estimate SE z P 

2 vs 1 soil sample 0.026 0.050 0.519 0.862   -0.011 0.027 -0.413 0.910   0.012 0.081 0.149 0.988 

4 vs 1 soil sample 0.011 0.049 0.228 0.972 

 

-0.021 0.026 -0.814 0.694 

 

-0.018 0.078 -0.231 0.971 

4 vs 2 soil samples -0.015 0.051 -0.296 0.953   -0.010 0.026 -0.385 0.922   -0.030 0.080 -0.375 0.925 

The significance of difference between each two levels was assessed with Tukey’s multiple comparison test.
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Figure S1 Total biomass (a, c) and belowground biomass (b, d) (means ± SEs) of alien plants 

(a, b) when their pots were inoculated with soil conditioned by one, two or four native species, 

and (c, d) when their pots were inoculated with soil conditioned by one, two or four 

individuals of the same species. Grey dots represent mean values of belowground or total 

biomass of alien plants when grown on soil conditioned by different native species or by 

different native species combinations. Tukey’s multiple comparison tests showed no 

significant differences among treatments. 
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Supplement S3 Effects of native diversity or number of soil samples on each alien plant 

species separately 

Table S6 Effects of native diversity on aboveground biomass production of each alien plant 

species.  

Epilobium ciliatum 

 

Estimate SE z P 

Diversity-2 vs -1 0.005 0.093 0.056 0.998 

Diversity-4 vs -1 -0.012 0.105 -0.116 0.993 

Diversity-4 vs -2 -0.017 0.097 -0.178 0.983 

 

Lolium multiflorum 

 

Estimate SE z P 

Diversity-2 vs -1 0.037 0.048 0.767 0.723 

Diversity-4 vs -1 -0.059 0.048 -1.244 0.427 

Diversity-4 vs -2 -0.096 0.051 -1.897 0.139 

 

Senecio inaequidens 

 

Estimate SE z P 

Diversity-2 vs -1 0.031 0.050 0.615 0.809 

Diversity-4 vs -1 -0.043 0.048 -0.894 0.639 

Diversity-4 vs -2 -0.074 0.035 -2.114 0.085 

 

Vicia villosa 

 

Estimate SE z P 

Diversity-2 vs -1 0.050 0.078 0.633 0.801 

Diversity-4 vs -1 -0.065 0.087 -0.741 0.739 

Diversity-4 vs -2 -0.114 0.081 -1.411 0.335 
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Table S7 Effects of number of soil samples on aboveground biomass production of each 

alien plant species.  

Epilobium ciliatum 

 

Estimate SE z P 

2 vs 1 soil sample 0.006 0.094 0.068 0.997 

4 vs 1 soil sample -0.005 0.080 -0.065 0.998 

4 vs 2 soil samples -0.012 0.102 -0.113 0.993 

 

Lolium multiflorum 

 

Estimate SE z P 

2 vs 1 soil sample 0.078 0.055 1.424 0.322 

4 vs 1 soil sample 0.083 0.059 1.390 0.339 

4 vs 2 soil samples 0.005 0.039 0.119 0.992 

 

Senecio inaequidens 

 

Estimate SE z P 

2 vs 1 soil sample 0.013 0.062 0.206 0.977 

4 vs 1 soil sample 0.011 0.061 0.180 0.982 

4 vs 2 soil samples -0.002 0.061 -0.028 1.000 

 

Vicia villosa 

 

Estimate SE z P 

2 vs 1 soil sample -0.034 0.109 -0.310 0.948 

4 vs 1 soil sample -0.123 0.108 -1.144 0.486 

4 vs 2 soil samples -0.089 0.115 -0.776 0.718 
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Figure S2 Aboveground biomass (means ± SEs) of alien plants when their pots had been 

inoculated with soil samples conditioned by one, two or four native plant species.  
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Figure S3 Aboveground biomass (means ± SEs) of alien plants when their pots had been 

inoculated with soil samples conditioned by one, two or four individuals of the same plant 

species. 

  



 

240 

 

 

Supplement S4 Results of the analysis of soil microbial communities. 

Table S8 Effects of native species identity on alpha diversity (species richness and Shannon 

diversity) of bacterial and fungal communities. The significance of plant species identity was 

accessed with likelihood-ratio tests by comparing models with and without plant species 

identity. 

 

Bacteria: 

           Species richness Shannon diversity 

                            Sum of sq RSS  P  Sum of sq RSS P 

Species 3030212 12629711 0.093  0.048 0.387 0.431 

 

Fungi: 

           Species richness Shannon diversity 

                            Sum of sq RSS  P  Sum of sq RSS P 

Species 5701 22926 0.091  1.304 7.121 0.226 
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Figure S4 Species richness and Shannon diversity of bacterial (a, b) and fungal (c, d) 

communities in soils conditioned by different native species. Means ± SEs are presented. 
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Figure S5 Dissimilarity (beta diversity) of plant endophytes community composition among 

soils conditioned by different native species. Data points represent soil samples. Ellipses 

represent means ± 1 SDs for each native plant species. Dissimilarity of AMF is not shown 

due to insufficient data. 
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Figure S6 Dissimilarity (unshared ASVs) of plant fungal endophytes (a) and AMF (b) 

community composition among soils conditioned by different native species.  
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Figure S7 Dissimilarity (beta diversity) of bacterial (a), fungal (b), fungal pathogen (c), and 

fungal endophyte (d) community composition among soils conditioned by different native 

species. Data points represent soil samples. Ellipses represent means ± 1 SDs for each native 

plant species. Dissimilarity of AMF is not shown due to insufficient data. The beta diversity 

(bray–curtis dissimilarities) was calculated with untransformed data (in other figures, e.g. 

Fig. 2a, the beta diversity was calculated with square-rood transformed data). 
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General discussion 

 Taken together, the results of my thesis highlight intrinsic growth rate as an 

overlooked determinant of coexistence and the important role of allelopathy and soil-

microbes-mediated competition in invasion success. In Chapter 1, I found that on average, 

alien plants were not more competitive than natives, which challenges the common view that 

aliens were more competitive. However, high intrinsic growth rate provided common aliens 

with a competitive advantage over rare natives. In Chapter 2, I found through a meta-analysis, 

that the negative effects of allelopathy increased with phylogenetic distance between plants. 

In addition, natives suffered more negative allelopathic effect from aliens than from other 

natives. In Chapter 3, I found that by modifying soil microbes, alien plants promoted other 

aliens over natives. This is because different alien species shared little fungal endophytes, 

some of which are pathogenic. In Chapter 4, I found that by modifying soil microbes, 

communities that contained four native plant species were more resistant to alien plants than 

those that contained two natives.  

Intrinsic growth rate as an overlooked determinant of coexistence 

Based on the Modern Coexistence Theory or the classic Lotka-Volterra equation, 

competitive outcomes are co-determined by intrinsic growth rate, strength of intraspecific 

competition and strength of interspecific competition. While most empirical work has 

focused on strength of interspecific competition, in Chapter 1, I clearly showed that intrinsic 

growth rate is important. Although common alien species suffered from strong intraspecific 

competition, their high intrinsic growth rates surpassed the disadvantage caused by this effect, 

and thus provided them with a competitive advantage over rare natives. This finding might be 

general, as a meta-analysis (van Kleunen et al. 2010) and a recent study on over 500 plant 
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species (Jelbert et al. 2019) both confirmed that alien plants had higher intrinsic growth rates 

than natives. 

The role of allelopathy and apparent competition in invasion success 

Allelopathy and apparent competition mediated by higher trophic levels are two of the 

three processes underlying competition (the other is resource competition). Allelopathy has 

been proposed as a mechanism for invasion success of alien plants since the late 1990s. In 

Chapter 2, I found that natives suffered more negative allelopathic effect from aliens than 

from other natives, which supports the Novel Weapon hypothesis. Besides, the negative 

effects of allelopathy increased with phylogenetic distance between plants. This indicates that 

invaders similar to the resident species might be easier to establish when allelopathy is the 

dominant force, because they avoid the allelopathic effect produced by resident species. 

Chapters 3 & 4 revealed the role of apparent competition mediated by soil microbes in 

determining invasion success. First, by modifying communities of soil microbes, alien plants 

promoted other aliens over natives (Chapter 3). Second, by modifying soil microbes, 

communities with more native plant species had more negative effects on alien plants 

(Chapter 4). Taken together, loss of native plant species could increase the probability of 

alien plants to establish, which would further the performance of other aliens. Given that 

several key hypotheses in invasion ecology involve organisms of higher trophic levels, such 

as enemy release (Keane and Crawley 2002), plus that allelochemicals can also be affected 

by soil microbes, future research on apparent competition will provide more novel insights on 

coexistence of alien and native species. 
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Coexistence of alien and native plants in complex systems 

 A long-lasting puzzle in ecology is understanding the extent to which we can predict 

coexistence of complex systems from simple systems. One difficulty comes from the 

phenomenon that a third species can affect the interaction between two species (known as 

higher-order interaction), which cannot be captured from pairwise systems. In Chapter 3, I 

found higher-order interactions are rare in three-species systems. Therefore, it seems 

applicable to predict coexistence of complex systems from simple systems. However, in 

Chapter 4, species-rich communities were more resistant to alien plants than species-poor 

communities that contained two natives. This indicates that in species-rich communities, the 

existence of higher-order interaction is common. For a hypothetical example, assume that the 

probability of existence of higher-order interaction is 10%, which is low. However, a five-

species system contains a total of ten sets of unique three-species combinations. 

Consequently, the probability of existence of higher-order interaction in five-species system 

will be 65.1% (1 – 0.910), which is very high. To conclude, predicting coexistence of many 

alien and native plants (e.g. over five) from pairwise interaction is still challenging. 

Experimental designs using a mix of two-species and multispecies system is one way to help 

identify higher-order interactions (Friedman et al. 2017, Maynard et al. 2020), and thus better 

predict coexistence of alien and native plants in complex systems.  

Concluding remarks 

 Since the publications of two seminal book, The ecology of invasion by animals and 

plants by Charles Elton and Characteristics and modes of origin of weeds by Herbert Baker, 

invasion ecology has developed into a productive research field. However, the development 

is relatively separate from other areas of ecology (Shea and Chesson 2002, Godoy et al. 
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2018). Here, I showed that how theory from community ecology (e.g. coexistence theory) 

could advance our understanding of success of alien plants. I do believe that coexistence 

theory could provide more insights. Invaders always start from low densities when dispersing 

into new communities. Therefore, the probability of their establishment largely depends on 

the growth rate when rare. This so-called invasion growth rate is also the core of Modern 

Coexistence Theory (Barabas et al. 2018). Consequently, applying theory from community 

ecology into invasion ecology will benefit both areas. 
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