
  

 

 

The importance of phenotypic plasticity for plant 

success under environmental change 

 

 

Doctoral thesis for obtaining the 

academic degree Doctor of 

Natural Sciences 

 

 

submitted by 

Liu, Yanjie 

 

 

at the University of Konstanz 

Faculty of Sciences 

Department of Biology 

 

 

Konstanzer Online-Publikations-System (KOPS) 
URL: http://nbn-resolving.de/urn:nbn:de:bsz:352-0-423152



 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Date of the oral examination: 28 July 2017 

1. Reviewer: Prof. Dr. Mark van Kleunen 

2. Reviewer: Prof. Dr. Oliver Bossdorf



 

 

  



i 

 

 

 

 

 

 

 

 

 

To my wife who has supported me during my Ph.D. study 

To my son who is the most precious gift I have received until now



 

 



ii 

 

Table of contents 

Summary .................................................................................................................................. iv 

Zusammenfassung.................................................................................................................. vii 

General introduction ............................................................................................................... 1 

Environmental change............................................................................................................. 1 

Biological invasions ................................................................................................................ 2 

Phenotypic plasticity ............................................................................................................... 3 

Research gaps .......................................................................................................................... 6 

Contribution of this thesis ....................................................................................................... 8 

Chapter 1 Do invasive alien plants benefit more from global environmental change than 

native plants? ..................................................................................................................... 11 

Abstract ................................................................................................................................. 12 

Introduction ........................................................................................................................... 13 

Materials and methods .......................................................................................................... 15 

Results ................................................................................................................................... 19 

Discussion ............................................................................................................................. 22 

Acknowledgements ............................................................................................................... 26 

Supporting information ......................................................................................................... 27 

Chapter 2 Responses of common and rare aliens and natives to nutrient availability and 

fluctuations ........................................................................................................................ 41 

Summary ............................................................................................................................... 42 

Introduction ........................................................................................................................... 43 

Materials and Methods .......................................................................................................... 46 

Results ................................................................................................................................... 51 

Discussion ............................................................................................................................. 55 

Conclusion ............................................................................................................................ 62 

Acknowledgements ............................................................................................................... 62 

Supporting Information ......................................................................................................... 63 

Chapter 3 Increases in nutrient availability and fluctuations do not promote dominance 

of alien plants in native communities .............................................................................. 78 

Summary ............................................................................................................................... 79 

Introduction ........................................................................................................................... 81 



iii 

 

Materials and Methods .......................................................................................................... 83 

Results ................................................................................................................................... 87 

Discussion ............................................................................................................................. 90 

Conclusions ........................................................................................................................... 94 

Acknowledgements ............................................................................................................... 95 

Supporting information ......................................................................................................... 96 

Chapter 4 Does greater specific-leaf-area plasticity help plants to maintain a high 

performance when shaded? .............................................................................................. 99 

Abstract ............................................................................................................................... 100 

Introduction ......................................................................................................................... 101 

Materials and methods ........................................................................................................ 102 

Results ................................................................................................................................. 107 

Discussion ........................................................................................................................... 108 

Conslusions ......................................................................................................................... 113 

Acknowledgements ............................................................................................................. 113 

Supplementary materials ..................................................................................................... 114 

General discussion ............................................................................................................... 126 

Plant invasion  under changes in mean environmental  conditions .................................... 126 

Plant invasion under nutrient fluctuation ............................................................................ 129 

Adaptive phenotypic plasticity............................................................................................ 131 

Conclusion .......................................................................................................................... 132 

Author contributions ........................................................................................................... 133 

Cited references .................................................................................................................... 134 

Acknowledgements .............................................................................................................. 147 

 

  



iv 

 

Summary 

Environmental factors can change in space and time both in terms of the mean conditions and 

in terms of variability. Phenotypic plasticity is assumed to be an important mechanism lead-

ing to plant success under both natural and/or anthropogenic environmental change condi-

tions. Yet, we still have a limited understanding of whether phenotypic plasticity contributes 

to the success of alien plant species under environmental change. Moreover, phenotypic plas-

ticity of many functional traits associated with nutrient uptake and light capture are frequent-

ly implicitly assumed to be adaptive in many studies. However, the adaptive value has rarely 

been tested for most of them. Therefore, my thesis aimed to gain insights into how phenotyp-

ic plasticity contributes to plant success under environmental change, specifically focusing on 

plant invasion under anthropogenic global change and nutrient fluctuations. Additionally, I 

also tested whether phenotypic plastic responses that are assumed to be adaptive are really 

adaptive, specifically focusing on the plastic response of specific leaf area (SLA) induced by 

changes in light intensity. 

First, I performed a meta-analysis to test whether there is a general pattern in invasive and 

native plant responses to environmental change in mean conditions. I established a plant da-

tabase, which included 74 invasive alien plant species and 117 native plant species. I com-

pared plastic responses in performance traits to increasing atmospheric CO2 concentrations, 

increasing temperatures, increasing N deposition, and increasing or decreasing precipitation 

between invasive alien and native plants. I found that invasive alien plant species showed 

stronger positive responses to favourable environmental changes, particularly global warming 

and atmospheric CO2 enrichment. My results suggest that, because of the higher plasticity of 

invasive alien plant species than native plant species, global environmental change may 

promote spread of invasive plants in the future. 

Second, I performed a multispecies greenhouse experiment to test whether alien and common 

plant species take more advantage of increases in nutrient levels and fluctuations therein than 

native and rare species. There were six nutrient-supply treatments that differed in the mean 

and temporal availability of nutrients. I compared plastic responses in biomass production, 

root allocation and root morphology to such nutrient treatments among seven common alien, 

seven rare alien, nine common native and six rare native plant species. I found that the plastic 

responses of biomass production, root morphology and root allocation to nutrient changes 
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under mean conditions did not differ between alien and native plant species. However, I 

found that, compared to a constant high nutrient supply, alien plant species showed positive 

plastic responses in biomass production to large nutrient pulses, whereas native plant species 

showed negative plastic responses, possibly as a consequence of differences in plasticity of 

root traits. My findings suggest alien species might be become more dominant when fluctua-

tions in nutrients increase. In this study, I did not find differences in plastic responses to nu-

trient addition and fluctuations between invasive (i.e. common) and non-invasive (i.e. rare) 

alien species, possibly, because plants were grown in the absence of competition. 

Third, I used a multispecies greenhouse experiment to test whether invasive alien plant spe-

cies might show higher plastic response and thus take more advantage of nutrient fluctuations 

than non-invasive alien, when grown in competition with native plant species. I grew ten 

pairs of invasive and non-invasive alien plant species under the same nutrient-supply 

treatments as used in the first greenhouse experiment, but this time in the presence of native 

competitors. I found that invasive alien plant species exhibited a significantly stronger 

increase in biomass production in response to high nutrient levels than non-invasive alien 

plant species. This is inconsistent with the findins of the first greenhouse experiment, where 

plants grew without competition. This suggests that responses to nutrient-supply patterns for 

single plants might not be representative for plants grown under competition. However, I also 

found that both groups of alien target species benefited proportionally less from nutrient 

addition overall than the native competitors. Surprisingly, the alien species, and particularly 

the invasive ones, suffered from nutrient pulses. These findings stongly suggest that it is not a 

general phenomenon that environmental variability promotes plant invasion. 

Finally, I performed a meta-analysis to test whether a phenotypic plastic response that is 

widely assumed to be adaptive – the increase in specific leaf area (SLA) induced by shading - 

is really adaptive. I compiled a database including data from 467 case studies using 32 publi-

cations and two unpublished experiments, which measured the responses of biomass and 

SLA of 280 plant species to shading. I found that the potential higher ability of plants to cap-

ture light by increasing SLA under low-light conditions was not associated with the mainte-

nance of biomass homeostasis in plant species, but rather with a greater reduction in biomass. 

This suggests that plasticity of SLA to shading might not constitute adaptive plasticity. 

Therefore, I argue that some of the plastic responses of plant species to environmental chang-
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es, which are frequently thought to be adaptive, might simply reflect passive responses to the 

environment, or may reflect indirect responses due to correlations with adaptive plasticity of 

other traits. 

To sum up, my thesis explored the importance of phenotypic plasticity for plant success un-

der environmental change. My findings reveal that phenotypic plasticity could be linked to a 

certain extent to plant success under environmental change in space and time. The next steps 

in this field of research should be studies that systematically integrate the indirect influence 

on phenotypic plasticity of plants from plant species and other trophic levels, such as soil 

biota, herbivores and pollinators. My findings also suggest that more studies are needed to 

test explicitly whether the phenotypic plasticity of functional traits in response to a specific 

environmental cue is really adaptive, and thus contributes to plant success under environmen-

tal change in time and space. 
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Zusammenfassung 

Umweltfaktoren können sich in Raum und Zeit sowohl in Bezug auf die durchschnittlichen 

Bedingungen als auch auf die Variabilität verändern. Man nimmt an, dass phänotypische 

Plastizität ein wichtiger Mechanismus ist, der unter natürlich und/oder anthropogen bedingten  

Umweltveränderungen zum Erfolg von Pflanzen führt. Jedoch haben wir nur ein begrenztes 

Verständnis davon, ob phänotypische Plastizität bei Umweltveränderungen zum Erfolg von 

fremden Pflanzenarten beiträgt. Darüber hinaus wird in vielen Studien oft implizit 

angenommen, dass die phänotypische Plastizität vieler funktionaler Eigenschaften der 

Pflanzen (Traits), die mit Nährstoffaufnahme und Lichteinfang zusammenhängen, adaptiv sei. 

In den meisten dieser Fälle wurde jedoch der adaptive Wert nicht untersucht. Daher war es 

Ziel meiner Dissertation, zu erforschen, inwiefern phänotypische Plastizität bei 

Umweltveränderungen zum Erfolg von Pflanzen führt. Im Fokus steht insbesondere die 

Invasion von Pflanzen bei anthropogenem globalem Wandel und Fluktuationen in der 

Nährstoffzufuhr. Darüber hinaus habe ich untersucht, ob phänotypische plastische Responses, 

die man für adaptiv hält, tatsächlich adaptiv sind, und mich hierbei besonders auf die 

plastischen Responses der Specific Leaf Area (SLA) bei Veränderungen der Lichtintensität 

konzentriert.  

Zuerst führte ich eine Meta-Analyse durch, um zu untersuchen, ob unter durchschnittlichen 

Bedingungen bei den Responses invasiver und nativer Pflanzen auf Umweltveränderungen 

ein allgemeines Muster auftritt. Ich erstellte eine Pflanzendatenbank mit 74 invasiven 

fremden Pflanzenarten und 117 nativen Pflanzenarten. Ich verglich die plastischen Responses 

der Traits invasiver fremder und nativer Pflanzenarten auf die folgenden Bedingungen: 

erhöhte atmosphärische CO2-Konzentration, erhöhte Temperatur, erhöhte N-Abscheidung 

und erhöhter oder verminderter Niederschlag. Ich fand heraus, dass invasive fremde 

Pflanzenarten stärkere positive Responses auf günstige Umweltveränderungen zeigen, 

insbesondere auf globale Erwärmung und atmosphärische CO2-Anreicherung. Meine 

Ergebnisse weisen darauf hin, dass der globale Umweltwandel in der Zukunft die 

Ausbreitung invasiver Pflanzen vorantreiben wird, da invasive fremde Pflanzenarten eine 

höhere Plastizität aufweisen als native Pflanzenarten.  

Als zweiten Schritt führte ich mit verschiedenen Pflanzenarten ein Gewächshausexperiment 

durch, um zu untersuchen, ob fremde und verbreitete Arten einen größeren Vorteil aus 
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erhöhter Nährstoffzufuhr und Nährstofffluktuation ziehen als einheimische und seltene Arten. 

Es wurden sechs Nährstoffzufuhr-Behandlungen durchgeführt, die sich in der 

durchschnittlichen und zeitlichen Verfügbarkeit der Nährstoffe unterschieden. Ich verglich 

die plastischen Responses von sieben verbreiteten fremden, sieben seltenen fremden, neun 

verbreiteten nativen und sechs seltenen nativen Pflanzenarten auf diese 

Nährstoffbehandlungen in Bezug auf Biomasseproduktion, Wurzelanteil im Verhältnis zur 

gesamten Pflanze und Wurzelmorphologie. Es zeigte sich, dass sich unter durchschnittlichen 

Bedingungen die plastischen Responses fremder und nativer Pflanzenarten auf 

Nährstoffveränderungen bei Biomasseproduktion, Wurzelmorphologie und Wurzelanteil 

nicht unterschieden. Jedoch fand ich heraus, dass, verglichen mit einer konstant hohen 

Nährstoffzufuhr, fremde Pflanzenarten positive plastische Responses in der 

Biomasseproduktion auf Nährstoffgaben in großen Einzelimpulsen zeigten, während native 

Pflanzenarten negative plastische Responses aufwiesen, möglicherweise als Folge der 

unterschiedlichen Plastizität von Wurzelmerkmalen. Meine Ergebnisse weisen darauf hin, 

dass fremde Arten dominanter werden könnten, wenn Schwankungen der Nährstoffzufuhr 

zunehmen. In dieser Studie fand ich keine Unterschiede bei den plastischen Responses 

invasiver (d.h. verbreiteter) und nichtinvasiver (d.h. seltener) fremder Pflanzenarten auf 

Nährstoffgaben und -fluktuationen, möglicherweise weil bei der Entwicklung der Pflanzen 

kein Wettbewerb bestand.  

In einem dritten Schritt führte ich ein weiteres Gewächshausexperiment mit verschiedenen 

Pflanzenarten durch, um zu untersuchen, ob invasive fremde Pflanzenarten möglicherweise 

eine höhere plastische Response zeigen und so Schwankungen in der Nährstoffzufuhr besser 

nutzen können als nichtinvasive fremde Pflanzen, wenn sie im Wettbewerb mit nativen 

Pflanzenarten stehen. Ich zog zehn Paare von invasiven und nichtinvasiven fremden 

Pflanzenarten unter den gleichen Nährstoffzufuhr-Behandlungen wie im ersten 

Gewächshausexperiment, aber dieses Mal entwickelten sich die Pflanzen gemeinsam mit 

nativen Konkurrenten. Es stellte sich heraus, dass invasive fremde Pflanzenarten als Reaktion 

auf hohe Nährstoffzufuhr ihre Biomasseproduktion signifikant stärker erhöhten als 

nichtinvasive fremde Pflanzenarten. Dies steht im Widerspruch zu den Ergebnissen des ersten 

Treibhausexperimentes, in dem die Pflanzen ohne Konkurrenten wuchsen. Dies deutet darauf 

hin, dass die Responses einzelner Pflanzen auf Nährstoffzufuhrmuster möglicherweise nicht 

repräsentativ für Pflanzen sind, die zusammen mit Konkurrenten wachsen. Jedoch fand ich 
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auch heraus, dass beide Gruppen der fremden Zielspezies proportional weniger von 

zusätzlicher Nährstoffzufuhr profitierten als die nativen Konkurrenten. Überraschenderweise 

litten die fremden Pflanzenarten, insbesondere die invasiven Spezies, unter der 

Nährstoffzufuhr in einzelnen Impulsen. Diese Ergebnisse weisen stark darauf hin, dass es 

kein allgemeines Phänomen ist, dass die Umweltvariabilität Pflanzeninvasionen fördert.  

Schließlich führte ich eine Meta-Analyse durch, um zu untersuchen, ob eine phänotypische 

plastische Response, die man allgemein für adaptiv hält – nämlich die durch Beschattung 

induzierte Erhöhung der Specific Leaf Area (SLA) – tatsächlich adaptiv ist. Unter Nutzung 

von 32 Publikationen und zwei unveröffentlichten Experimenten stellte ich eine Datenbank 

mit Daten von 467 Fallstudien zusammen, welche die Responses von Biomasse und SLA von 

280 Pflanzenarten auf Beschattung messen. Ich stellte fest, dass die potentiell höhere 

Fähigkeit der Pflanzen, unter schwachen Lichtbedingungen durch Erhöhung der SLA Licht 

aufzufangen, nicht mit der Aufrechterhaltung der Biomasse-Homöostase zusammenhängt, 

sondern vielmehr mit einer stärkeren Reduktion der Biomasse verbunden ist. Dies deutet 

darauf hin, dass die Plastizität von SLA auf Beschattung keine adaptive Plastizität darstellt. 

Daher argumentiere ich, dass einige der plastischen Responses von Pflanzenarten auf 

Umweltveränderungen, die man häufig für adaptiv hält, lediglich passive Responses auf die 

Umwelt reflektieren oder indirekte Responses aufgrund von Korrelationen mit der adaptiven 

Plastizität anderer Merkmale darstellen.  

Zusammengefasst erforschte meine Dissertation die Wichtigkeit phänotypischer Plastizität 

für den Erfolg von Pflanzen unter Umweltveränderungen. Meine Ergebnisse zeigen, dass 

phänotypische Plastizität bis zu einem gewissen Grad mit dem Erfolg von Pflanzen bei 

Veränderungen der Umwelt in Raum und Zeit zusammenhängt. Die nächsten Schritte auf 

diesem Forschungsgebiet sollten Studien sein, die den indirekten Einfluss von Pflanzenarten 

und anderen trophischen Ebenen wie etwa Bodenorganismen, Herbivoren und Bestäubern auf 

die phänotypische Plastizität von Pflanzen systematisch einbeziehen. Aus meinen 

Forschungsergebnissen lässt sich ferner schließen, dass weitere Studien benötigt werden, 

welche explizit untersuchen, ob die phänotypische Plastizität funktionaler Traits als Response 

auf einen spezifischen umweltbedingten Auslösereiz tatsächlich adaptiv ist und somit zum 

Erfolg der Pflanzen unter Umweltveränderungen in Raum und Zeit beiträgt.  
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General introduction 

Environmental change 

Environmental factors can change in space and time in terms of the mean conditions, such as 

an overall increase or decrease in nutrient availability (Fig. 1a). Most of this variation is due 

to natural causes. For example, light intensity declines from the top to the botton of a vegeta-

tion. In addition, atmospheric carbon dioxide (CO2) and other greenhouse gasses, nitrogen (N) 

deposition, temperatures, precipitation may also increase due to anthropogenic global change. 

The environment can also change in terms of variability, involving fluctuations around a 

mean condition over time (Fig. 1b). For instance, precipitation regimes have become more 

variable both intra- and inter-annually (Min et al., 2011; Smith, 2011; Coumou & Rahmstorf, 

2012), and more frequent extreme rainfall events are increasing the variability in water avail-

ability and are linked to increased variability in nutrient supply (Emmett et al., 2004; Matias 

et al., 2011). Changes in the mean and variability can strongly impact ecosystem structure 

and function (Knapp et al., 2002; Yang et al., 2010; Wu et al., 2011; Grimm et al., 2013; 

Luque et al., 2013; Parepa et al., 2013). 

 

Figure 1 Schematic representation of environmental change: (a) change in mean environ-

mental conditions (e.g. an overall increase from condition A [blue] to condition B [red]); (b) 

variability in environmental conditions (i.e. A [blue] and B [red] conditions have the same 

mean but different fluctuations over times). 
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Biological invasions 

Plant invasion is one important component of biological invasions 

Due to human activity, an increasing number of species have been transported out of their 

native range and introduced into a new territory (Seebens et al., 2015; van Kleunen et al., 

2015; Seebens et al., 2017). Some of these introduced species have become naturalized (i.e. 

subsequently established self-sustaining populations), and some of those eventually become 

invasive (i.e. rapidly spread into multiple sites across a large area in the introduced range; 

Blackburn et al., 2011). Such human induced biological invasions have become a defining 

feature of global environmental change in the Anthropocene (Vitousek et al., 1996; Lewis & 

Maslin, 2015). Biological invasions can disrupt ecosystem functions and services (Vitousek 

et al., 1997; Ricciardi, 2007; Vilà et al., 2011), and have a huge financial impact (Pimentel et 

al., 2005). To date, at least 3.9% of all currently known vascular plant species have become 

naturalized outside their native range (van Kleunen et al., 2015), and more plant species will 

be introduced with continuing globalization and increasing international traffic and trade 

(Seebens et al., 2015; van Kleunen et al., 2015; Seebens et al., 2017). Consequently, plant 

invasion is one important component of global change, and its prevention will be imperative 

in the future. 

Plant invasion under changes in mean environmental conditions 

Plant invasion may interact with environmental changes in mean conditions. Many case stud-

ies have investigated how plant invasion interact with a specific environmental change in its 

mean conditions such as increased atmospheric CO2 concentrations, increased temperatures, 

altered precipitation and enhanced N deposition. For example, some invasive plant species 

responded more positively than native plants to increased water supply (e.g. Cox & Conran, 

1996; Baruch & Jackson, 2005), elevated atmospheric CO2 concentrations (e.g. Nagel et al., 

2004; Baruch & Jackson, 2005; Lei et al., 2012; Tooth & Leishman, 2013), increased N dep-

osition (e.g. Sigueenza et al., 2006; Lei et al., 2012; Vallano et al., 2012), and climate 

warming (e.g. Song et al., 2010; Verlinden et al., 2013). However, studies on other species 

found that invasive and native plants exhibited similar responses  (e.g. elevated atmospheric 

CO2: Lei et al., 2011; increased N deposition: Luo et al., 2014; Osone et al., 2014) or even 

that native plants had significantly stronger responses than invasive plants (e.g. increased 
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water supply: Horton & Clark, 2001; Blicker et al., 2003; Domènech & Vilà, 2008; Cuda et 

al., 2015; elevated atmospheric CO2: Anderson & Cipollini, 2013; increased N deposition: 

Rao & Allen, 2010; and climate warming: Williams et al., 2007; Anderson & Cipollini, 2013). 

Due to low numbers of species used, and mixed results produced in most case studies, the 

general patterns of interactions between plant invasion and changes in mean environmental 

conditions remain unclear. 

Plant invasion under environmental variability 

In addition to interactions with environmental change in mean conditions, plant invasion may 

also be affected by variability in environmental change. Several years ago, Davis et al., (2000) 

proposed that habitats an increased variability in resource availability will be more easily 

invaded than those with less variable resource conditions. In other words, if an environment 

experiences a pulse in resource supply, which can be caused by meteorological fluctuations 

and site-specific events, such as large- or small-scale disturbances and anthropogenic eu-

trophication, invasive plants may be better able to exploit the unused resources than resident 

species, resulting successful invasion. The few studies that this suggested that this might in-

deed be the case (Davis & Pelsor, 2001; White et al., 2001; Koerner et al., 2015; Tognetti & 

Chaneton, 2015). For example, in experimental plant communities, the invasive Japanese 

knotweed (Fallopia spp.) experienced a two- to four-fold proportional increase in biomass 

when nutrients were supplied in a single large pulse, or in multiple pulses of different magni-

tudes, whereas uniform application of nutrients did not result in a significant proportional 

increase in biomass of the invader (Parepa et al., 2013). Consequently, it is important to test 

how plants respond to change in environmental variability in addition to how they respond to 

changes in mean environmental conditions.  

Phenotypic plasticity 

Plant phenotypic plasticity in response to environmental factors 

Individual organisms can alter their development as an acute response to changes in envi-

ronmental conditions. Phenotypic plasticity is defined as the capacity of a given genotype to 

express different phenotypes under different environmental conditions (Bradshaw, 1965; 

1973). It is ubiquitous among organisms, and is itself evolved characteristic that varies 

among genotypes, populations and species (Sultan, 2000). Plants are sessile organisms that 
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cannot migrate to more favorable patches to avoid stressful conditions, in contrast toanimals. 

Plants have to cope with the condition where they are and/or what comes. Consequently, 

phenotypic plasticity, which can enable plants to cope with environmental heterogeneity by 

increasing environmental tolerance (i.e. fitness homeostasis; Valladares et al., 2014), is 

thought to be very advantageous to plants.  

Plants are frequently exposed to heterogeneity within the natural environment. Light is a cru-

cial factor required for the growth and development of plants, and is highly heterogeneous in 

nature. Therefore, most plants are exposed to a certain degree of shading during their lifetime 

(Valladares & Niinemets, 2008). Plants can respond to changing light conditions by adjusting 

their morphological and physiological traits. For example, under shading, most plant species 

in open habitats elongate their stem and petioles, bend their leaves upwards, and/or reduce 

branching to attain light (Givnish, 1988; Griffith & Sultan, 2005; Gommers et al., 2013). 

Conversely, if plants cannot outgrow surrounding plants and adopt a shade tolerance response 

(e.g. some herbaceous plants from forest understories), they can increase their specific leaf 

area (SLA), photosystem II: I ratio, or reduce their chlorophyll a:b ratio to optimize carbon 

gain (Givnish, 1988; Griffith & Sultan, 2005; Gommers et al., 2013).  

Soil nutrients and water availability are crucial factors for the growth and development of 

plants, and are heterogeneously distributed in space and time. Therefore most plants are also 

exposed to different nutrient and water conditions during their lifetime. One of the primary 

functions of roots is the uptake of nutrients and water from the soil for plant growth; therefore, 

roots can exhibit plastic change in response to variations in soil nutrients. For example, plants 

can allocate more biomass to their root system than to aboveground biomass under limiting 

nutrient or water conditions (Poorter et al., 2012; Freschet et al., 2015; Poorter & Ryser, 

2015). With increasing nutrient limitation, plants generally decrease their root diameter and 

increase the total length of root per unit root mass, i.e. specific root length (Hill et al., 2006; 

Ostonen et al., 2007). 

Phenotypic plasticity and plant invasion 

As phenotypic plasticity allows plant to express advantageous phenotypes in a broader range 

of environments (i.e. enhances ecological niche breadth), it has long been suggested to pro-

mote plant invasion (Daehler, 2003; Rejmanek et al., 2005; Richards et al., 2006; Pyšek & 
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Richardson, 2007; Davidson et al., 2011). Compared with some native and/or non-invasive 

plants, successful invasive plants are thought to benefit more from phenotypic plasticity by 

maintaining fitness homoeostasis under stressful environmental conditions, obtaining a larger 

increase in fitness in response to favourable environmental conditions, or maintaining and 

increasing fitness in stressful and favourable environmental conditions, respectively 

(Richards et al., 2006; Davidson et al., 2011). Consequently, high phenotypic plasticity is 

considered to increase the chances of an alien plant species to establish in a new environment, 

and to outcompete resident native plant species (Baker & Stebbins, 1965; Richards et al., 

2006). 

Two common comparative approaches can be used to test and reveal different insight of the 

contribution of phenotypic plasticity to plant invasion. One approach involves the comparison 

between invasive alien plants and native plants, which allows to determine whether pheno-

typic plasticity plays a key role in competition between invasive and resident native plant 

species. For example, Funk, (2008) explored trait plasticity in response to variation in light 

and nutrient availability in five phylogenetically related pairs of native and invasive species 

occurring in a nutrient-poor habitat, and found that invasive species display higher trait plas-

ticity than native species. Another approach involves the comparison between invasive alien 

plants and non-invasive alien plants, and can determine whether phenotypic plasticity con-

tributes to the success of alien plants. For example, van Kleunen et al., (2011b) grew 14 con-

generic pairs of invasive and non-invasive alien plant species under shaded and non-shaded 

conditions in a common garden experiment, and found that the shade-induced phenotypic 

responses did not differ between invasive and non-invasive species. 

Adaptive phenotypic plasticity of plants 

Plants exhibit plasticity in numerous ecologically important traits related to plant function, 

development and life history (Sultan, 2000; Valladares et al., 2007; Gratani, 2014). Because 

of the high potential fitness benefit of phenotypic plasticity (when coping with environmental 

heterogeneity), it is often assumed that phenotypic plasticity of plants has frequently evolved 

as an adaptation to environmental heterogeneity (Baker, 1974; Richards et al., 2006). In other 

words, the plastic responses to varying environments are thought to be active and adaptive. 

However, many of the plastic responses of plant species to contrasting environments may be 

only passive responses to the environment (e.g. growth reductions due to resource limitation; 
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Dorn et al., 2000; van Kleunen et al., 2000). Therefore, not all plastic responses to con-

trasting environments are adaptive, i.e. help to increase the environmental tolerance of plants. 

Because adaptive phenotypic plasticity could allow plants perform optimally under con-

trasting environments, the question arises of why plastic generalist plants do not always 

evolve. The rarity or absence of plastic generalist plants suggests that there are constraints on 

the evolution of plasticity. Theoretical studies show that the evolution of adaptive phenotypic 

plasticity may be constrained by costs and limits of phenotypic plasticity, which lead to fit-

ness decreases when a trait is produced via plasticity (Moran, 1992; Sultan et al., 2002; 

Ernande & Dieckmann, 2004; van Kleunen & Fischer, 2005; Valladares et al., 2007; Murren 

et al., 2015). Therefore, the prerequisites of adaptive phenotypic plasticity evolved is that the 

benefit of phenotypic plasticity could compensate and overcompensate for their cost. 

There is wide consensus that plastic responses associated with shade avoidance and tolerance, 

and nutrient-uptake strategies constitute adaptive phenotypic plasticity. However, only a few 

case studies have tested it explicitly, i.e. linked the phenotypic plasticity directly to perfor-

mance maintenance across contrasting environments. Such plastic responses include increas-

es in leaf length, SLA and biomass allocation to shoots in response to shading (Dudley & 

Schmitt, 1996; Schmitt et al., 1999; van Kleunen & Fischer, 2005; Valladares & Niinemets, 

2008), and increases in root length, specific root length, and biomass allocation to the root 

system in response to nutrient limitation (Hutchings & de Kroon, 1994; de Kroon et al., 2012; 

Grossman & Rice, 2012; Keser et al., 2014; Keser et al., 2015).  

Research gaps 

Predicting how the spread of invasive plants may change with ongoing global environmental 

change has become a hot topic in ecology (Dukes & Mooney, 1999; Bradley et al., 2010a). 

Many case studies have attempted to test the interactions between plant invasion and envi-

ronmental change in mean conditions, but have produced mixed results (refer to the section 

Biological invasions). Therefore, a comprehensive analysis is needed to assess whether a 

general pattern exists. A few years ago, van Kleunen et al., (2010b) performed a meta-

analysis on trait differences between invasive and non-invasive (mostly native) plant species 

under current environmental conditions, and found that invasive plant species had significant-

ly higher values than native plant species for traits reflecting physiology, size, and fitness. 
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These findings indicate that invasive plants are already tending to outperform native plants. If 

there is also a general pattern that, for traits reflecting physiology, size, and fitness, invasive 

plants respond more positively than native plants to global environmental change factors, we 

can predict that the severity of plant invasion will increase in the future, when global envi-

ronmental changes continue.  

Environmental changes do not only include changes in mean conditions, but also include 

changes in their variabilitiy. However, most empirical studies linking phenotypic plasticity to 

plant invasion have only assessed the plastic response to environmental changes in mean 

conditions (Leishman & Thomson, 2005; Funk, 2008; Godoy et al., 2011; Porté et al., 2011; 

van Kleunen et al., 2011b; Dawson et al., 2012a; Jia et al., 2016). This is also the reason why 

the abovementioned comprehensive analysis was only limited to the environmental changes 

in their overall mean conditions. The fluctuating-resource-hypothesis suggests indicates that a 

habitat with high variability in resource availability will generally lead to a higher invisibility 

of the habitat compared to one with less variable resource conditions (Davis & Pelsor, 2001). 

This might occur because invasive plants benefit more than native plants from resource vari-

ability due to higher phenotypic plasticity. Therefore, it is important to assess the plastic re-

sponses of alien and native plant species to such resource variability, in addition to their re-

sponses to changes in mean resource conditions. Moreover, although the fluctuating-

resource-hypothesis has become a key theory in invasion biology, it has only been tested and 

confirmed in a few case studies, so it remains still unclear whether a general pattern exists for 

both invasive and non-invasive alien plant species.  

Many studies trying to link phenotypic plasticity of specific traits to plant success across en-

vironmental changes in space and time are based on wide consensus (i.e. the assumption) that 

such specific plastic responses constitute adaptive plasticity (Leishman & Thomson, 2005; 

Funk, 2008; Schlaepfer et al., 2010; van Kleunen et al., 2011b; Feng & van Kleunen, 2014). 

However, few studies have assessed explicitly whether phenotypic plasticity of the specific 

traits they used are adaptive. Only adaptive phenotypic plasticity can help plants maintain 

fitness homeostasis across different environmental conditions (van Kleunen & Fischer, 2005). 

Therefore, it is very important to distinguish between adaptive and non-adaptive phenotypic 

plasticity. One example of phenotypic plasticity for which there appears to be wide consensus 

that it is adaptive is the plastic response of specific leaf area (SLA) induced by changes in 
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light intensity. SLA is measured as the area of a leaf divided by the dry weight, and is related 

ot growth rate and palatability. Plants usually develop a higher SLA when grown under low-

light conditions (Reich et al., 2003; Rozendaal et al., 2006; Feng & van Kleunen, 2014). As 

SLA tends to scale positively with the mass-based light-saturated photosynthetic rate (Pérez-

Harguindeguy et al., 2013), higher SLA could help plants to increase the efficiency of light 

capture and maximize carbon gain under low-light conditions (Evans & Poorter, 2001; 

Gommers et al., 2013). Therefore, it is generally assumed that the plastic response of SLA 

enables plants to maintain high performance under shading, and thus constitutes adaptive 

phenotypic plasticity (Valladares & Niinemets, 2008; van Kleunen et al., 2011b; Feng & van 

Kleunen, 2014). As light is a crucial factor required for the growth and development of plants, 

and is highly heterogeneous in nature, many case studies have determined SLA and perfor-

mance responses of plants to shading. Therefore, using a comprehensive analysis of these 

studies can directly test whether SLA plascity in response to shading is adaptive. 

Contribution of this thesis 

My thesis tried to gain insights into how phenotypic plasticity contributes to plant success 

under environmental change, specificly focusing on plant invasion under global change and 

nutrient fluctuations, and plant tolerance to shading. I addressed this using two approaches: 

meta-analysis and greenhouse experiments. First, I used a meta-analysis to assess whether 

there is a general pattern that invasive plants show higher plasticity than native plants in re-

sponse to changes in other global environmental factors. Few study tested for plasticity of 

invasive and native plants in response to fluctuations in environmental factors. Therefore, 

second, I performed a greenhouse experiment to assess how successful and less successful 

alien and native plants respond to fluctuating nutrient availability, and whether such respons-

es relate to success of the different plants. Third, together with a Master student, I performed 

another greenhouse experiment following up on the first greenhouse experiment to test 

whether invasive plants benefit more than non-invasive alien plants from fluctuating nutrient 

availability when planted into native communities. Almost all studies trying to link to pheno-

typic plasticity to plant success are based on the assumption that phenotypic plasticity is 

adaptive, although few studies have assessed this explicitly (see Section Research gaps). 

Therefore, in the fourth study, I used a meta-analysis to test whether phenotypic plasticity in 

SLA to shading is really adaptive.  
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In the 1
st
 chapter, I tested whether there is a general pattern in invasive and native plant re-

sponses to environmental change in mean conditions. I established a plant database, which 

included the responses in performance traits of invasive alien and native plant species to envi-

ronmental change. Global environmental change factors were restricted to increasing atmos-

pheric CO2 concentrations, increasing temperatures, increasing N deposition, and increasing 

or decreasing precipitation. I used these data to perform a phylogenetically controlled meta-

analysis to address the following specific questions: (i) Do invasive alien plant species re-

spond more positively to each component of global environmental change than native plant 

species? (ii) Which components of global environmental change are likely to favour or inhibit 

the performance of invasive alien plants over native plants? 

In the 2
nd

 chapter, I used a multispecies greenhouse experiment to test whether alien and 

common plant species take more advantage of increases in resource levels and fluctuations 

therein than native and rare species. I compared plastic responses in biomass production, root 

allocation and root morphology to nutrient addition and fluctuations among seven common 

alien, seven rare alien, nine common native and six rare native plant species. I applied six 

nutrient-supply treatments that differed in the mean and temporal availability of nutrients. 

Specifically, I asked the following questions: (i) Do alien and common plant species exhibit 

stronger plastic responses in root morphology and allocation, and take more advantage of 

increased mean nutrient levels than native and rare plant species? (ii) Do alien and common 

plant species exhibit stronger plastic responses in root morphology and allocation, and take 

more advantage of gradual changes in nutrient availability over time than native and rare 

plant species? (iii) Do alien and common plant species take more advantage of nutrient pulses 

than native and rare plant species? 

In the 3
rd

 chapter, I used a multispecies greenhouse experiment to test whether there is a gen-

eral pattern through which invasive alien plant species might show higher plastic response 

and thus take more advantage of nutrient fluctuations than non-invasive alien and native plant 

species. We created a nutrient-supply pattern with six different nutrient-supply treatments, as 

described in the 2
nd

 chapter. We grew ten pairs of closely related invasive and non-invasive 

species (i.e. 20 species in total) as target species in communities of native competitors. As 

competitors, 12 native grassland species were grouped into four communities of three species 

each. Specifically, we asked the following questions: (i) Does increased nutrient availability 
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promote absolute and relative biomass (compared to the native communities) of both invasive 

and non-invasive alien plants? (ii) Does higher fluctuations in nutrient availability promote 

the absolute and relative biomass of both invasive and non-invasive alien plants? (iii) Do in-

vasive alien plants show stronger plastic response and thus take more advantage of changes in 

mean nutrient conditions and fluctuations than non-invasive alien plant? 

In the 4
th

 chapter, I tested whether plasticity of SLA in response to shading is adaptive, i.e. 

whether it enables plants to maintain their performance under shade conditions. I compiled a 

database including data from 467 studies using 32 publications and two unpublished experi-

ments, which measured the responses of biomass and SLA of 280 plant species to shading. 

Specifically, I asked whether greater plastic changes in SLA in response to shading help 

plants to better maintain performance under shaded conditions (i.e. whether plasticity in SLA 

is positively related to the maintenance of plant biomass).  
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Abstract 

Invasive alien plant species threaten native biodiversity, disrupt ecosystem functions, and can 

cause large economic damage. Plant invasions have been predicted to further increase under 

ongoing global environmental change. Numerous case studies have compared the 

performance of invasive and native plant species in response to global environmental change 

components (i.e. changes in mean levels of precipitation, temperature, atmospheric CO2 

concentration or nitrogen deposition). Individually these studies usually involve low numbers 

of species and therefore the results cannot be generalized. Therefore, we performed a 

phylogenetically-controlled meta-analysis to assess whether there is a general pattern of 

differences in invasive and native plant performance under each component of global 

environmental change. We compiled a database of studies that reported performance 

measures for 74 invasive alien plant species and 117 native plant species in response to one 

of four global environmental change components. We found that elevated temperature and 

CO2 enrichment increased performance of invasive alien plants more strongly than was the 

case for native plants. Invasive alien plants tended to also have a slightly stronger positive 

response to increased N deposition and increased precipitation than native plants, but these 

differences were not significant (N deposition: P = 0.051; increased precipitation: P = 0.679). 

Invasive alien plants tended to have a slightly stronger negative response to decreased 

precipitation than native plants, although this difference was also not significant (P = 0.060). 

So while drought could potentially reduce invasion, increases in the four other components of 

global environmental change considered, particularly global warming and atmospheric CO2 

enrichment, may further increase the spread of invasive plants in the future.  

Keywords: Climate change, effect size, meta-analysis, nitrogen deposition, plant invasion, 

precipitation, temperature 
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Introduction 

Across the globe, thousands of plant species have been introduced to biogeographic regions 

where they are not native (van Kleunen et al., 2015). Some of these introduced plants have 

since become naturalized, and eventually invasive, whereby they displace native plants and 

hence threaten native diversity, disrupt ecosystem functions and services, and cause large 

economic damage (Pimentel et al., 2005; Vilà et al., 2011). Consequently, understanding the 

mechanisms by which invasive alien plant species outperform native plants in the recipient 

native communities has become a hot topic in ecology (Funk & Vitousek, 2007; Leishman et 

al., 2010; van Kleunen et al., 2010b; Heberling & Fridley, 2013). With ongoing global 

environmental change, there is also increasing interest in how the spread of invasive plants 

may change in the future (Dukes & Mooney, 1999; Bradley et al., 2010a; Jia et al., 2016). 

Biotic exchange is itself a major component of global environmental change, but it might be 

strongly affected by other global change components such as increasing atmospheric CO2 

concentrations, increasing temperatures, increasing nitrogen (N) deposition, and increasing or 

decreasing precipitation. It is thought that these environmental changes are more likely to 

promote than to inhibit invasive plant performance compared to native plant performance. 

This is because invasive plants often exhibit broad environmental tolerance and high 

phenotypic plasticity, which may confer the capacity to survive in altered environmental 

conditions (Richards et al., 2006; Davidson et al., 2011). Furthermore, the intrinsically high 

growth rate characteristic of many invasive plant species (Grotkopp et al., 2010; van Kleunen 

et al., 2010b; Dawson et al., 2011) may enable them to respond more positively to 

environmental changes that result in increased resource availability (elevated levels of water 

supply, atmospheric CO2 concentrations, and N deposition) than native plants adapted to low 

resource conditions (Tilman, 2004). Thus, global environmental change could 

further promote invasiveness of invasive alien plant species. 

The hypothesis that global environmental change may favour performance of invasive plant 

species more strongly than that of native plants has been subjected to numerous experimental 

tests. These are usually case studies involving local comparisons of a single pair or a few 

pairs of invasive and native plant species, and have produced mixed results (Dukes & 

Mooney, 1999; Bradley et al., 2010a). A few years ago, Sorte et al., (2013) did a meta-

analysis on the responses of naturalized alien and native organisms to climate change. Across 
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different types of organisms and ecosystems, naturalized alien species tended to show 

stronger responses than natives, but, among terrestrial plants, naturalized alien and native 

plants showed similar responses. That study, however, was not restricted to invasive alien 

plant species and did not correct for phylogenetic non-independence of the studied species. 

Although Sorte et al., (2013) included many different types of organisms and ecosystems, 

they did not consider responses to N deposition, which is another major component of global 

environmental change (Holland et al., 2005; Liu et al., 2013). Successful plant species are 

often associated with a particular suite of traits that enable them to respond more positively to 

N deposition (Dawson et al., 2012b). Therefore, one could hypothesize that invasive plants 

are more successful in areas with high N deposition. Indeed, several studies found evidences 

in support of this hypothesis at a continental or reginal scale (Scherer-Lorenzen et al., 2000; 

Scherer-Lorenzen et al., 2007; Seabloom et al., 2015). Moreover, a previous meta-analysis 

also found evidence that in terrestrial plants, invasive species responded more strongly to N 

deposition than native species (Gonzalez et al., 2010). However, that meta-analysis did not 

correct for phylogenetic non-independence of the studied species either. Recent studies have 

shown that inclusion of phylogenetic information can significantly change the outcomes of a 

meta-analysis (Chamberlain et al., 2012), and hence correction for species relatedness should 

be an important component of any meta-analysis on variation among species. 

Here, we established a database, restricted to plants, with responses of invasive alien and 

native species to environmental change. We used these data to do a phylogenetically-

controlled meta-analysis to address the question: (1) Do invasive alien plant species respond 

more positively (i.e. benefit more) to each component of global environmental change than 

native plant species? (2) Which components of global environmental change are likely to 

favour or inhibit performance of invasive alien plants over native plants? Answering these 

questions will enable an assessment of whether global environmental change is likely to 

further increase invasiveness of invasive alien plants, and thereby may exacerbate their 

impacts on native plants in the future. 
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Materials and methods 

Data compilation 

To identify studies on performance responses of both native and invasive alien plants to 

global change, we conducted a literature search for peer-reviewed publications in ISI Web of 

Science (http://apps.webofknowledge.com/) and Google Scholar using the following search 

string: ‘climate change’ OR ‘global change’ OR ‘warm*’ OR ‘temperature’ OR ‘nitrogen’ 

OR ‘nitrogen deposition’ OR ‘CO2’ OR ‘carbon dioxide’ OR ‘precipitation’ OR ‘watering’ 

OR ‘drought’ OR ‘rainfall’ AND ‘invasive’ OR ‘alien’ OR ‘non-native’. All published 

records from 1980 to 30
th

 June 2015 were included in the search. We found two pre-1980 

studies on temperature responses of native and invasive species (i.e. Henry & William, 1958; 

Ashby & Hellmers, 1959), but, as these studies did not provide measures of variation 

(standard errors or stanard deviations), they could not be used for the meta-analysis. We also 

included studies published in the Chinese language (www.cnki.net). Our searches were 

limited to studies on plants and resulted in 1,036 publications.  

We then individually assessed each publication, and retained the ones that met each of the 

three criteria given below. (1) The publication reported effects of manipulating mean values 

of at least one of the five different components of global environmental change (i.e. increases 

in temperature, atmospheric CO2 concentration, N deposition, increased precipitation, or a 

decrease in precipitation) on performance of invasive alien and native plants. Although global 

environmental change also entails changes in variability, such as the increased frequency of 

extremes in temperature and precipitation, we focus on changes in means values because only 

few studies have manipulated variability in global change components. (2) Publications 

included at least one invasive alien and one native plant species in the same experiment 

(origin and invasive status of each species was determined from the respective publications). 

(3) Publications reported mean values, sample sizes and variances for performance-related 

traits of each species. The performance-related traits included in our meta-analysis were 

direct estimates of fitness (i.e. survival and reproduction), of growth (i.e. biomass and size) 

and physiology (i.e. photosynthetic rate, which is likely to increase the performance of 

plants). In total, 56 publications met these criteria (see Supplementary Materials and Methods 

S1), covering 74 invasive alien species and 117 native species. There were a few studies in 

which it was not clear whether the alien species studied was invasive or not. Such studies 
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were excluded from the analysis presented in the main text. However, analysis with and 

without data from such studies gave similar results (Tables S1 and S2; Figs. S1 and S2). We 

also considered whether seeds of invasive species were sourced from their native range or 

their invaded range, as this might influence the performance of plants. Although not all 

studies provided information on this, seeds of the invasive species appear to be generally 

sourced from the invaded range. Therefore, the effect of seeds source could not be tested.  

We extracted mean values of the performance-related traits mentioned above and their 

corresponding variances (standard deviations, standard errors or 95%-confidence intervals) 

and sample sizes directly from the text or tables, or from figures using the software Image J 

1.47v (Rasband, 2013). For all cases of temperature, atmospheric CO2 concentration and soil 

N, we considered the ambient level (i.e. no treatment level) of an environmental change 

factor as the “control”, and the elevated level of the same factor as the “treatment”. However, 

as precipitation is likely to decrease in some parts of the world and increase in other parts, 

some studies imposed a drought treatment whereas others increased watering relative to 

ambient levels. We considered these as two different types of studies. For studies with 

decreased water availability relative to ambient, the drought treatment is considered the 

“treatment”, and for studies with increased water availability relative to ambient, the high 

water-availability treatment is considered the “treatment”. When performance measures were 

reported for different time points from the same experiment, we only used the data from the 

last time point (i.e. we chose the longest duration of the study). When more than one 

environmental change factor was manipulated in an experiment, we used the performance 

measures corresponding to manipulation of a single focal global environmental change factor, 

when the other factors were kept at their ambient levels. When the plants were grown under 

different levels of competition, we included data for all the competition levels (eight of 56 

total publications in our meta-analysis manipulated competition).  

Effect size and variance computation 

To examine the effects of global environmental change on native and invasive alien plant 

performance, we calculated the log response ratio (ln R) as the effect size of response 

variables for each individual performance-related traits of each species per study, following 

Hedges et al., (1999):  
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ln 𝑅 =  Ln (
X̅t

X̅c
) = ln(X̅t) − ln(X̅c). 

Here, X̅t and X̅c are the mean values of each individual trait measure in the treatment (t) and 

control (c), respectively. An ln R value <0 indicates a decrease in plant performance in 

response to a change in the environmental change factor; a value >0 indicates an increase in 

plant performance. The variance of ln R was calculated, following Hedges et al., (1999) as  

𝑣 ln R 
=  

(SDc)2

Nc(X̅c)2 +  
(SDt)2

Nt(X̅t)2. 

Here, Nt, Nc, SDt, SDc, X̅t, and X̅c are sample sizes, standard deviations and mean values for 

traits measured in the treatment and control, respectively. Because some studies reported 

different measures of performance-related traits for the same plant species, we pooled the 

multiple effect sizes (weighted by the inverse variance) and corresponding variances per 

study to avoid pseudo-replication (Leimu et al., 2006). Pooling was done using the fixed-

effect model (using the rma function in R package metafor), because we assumed that there is 

a single, true underlying effect size per species in a study (Borenstein et al., 2009). The 

resulting 252 effect sizes and corresponding mean variances were used in the analyses 

described below. 

Data analysis 

All meta-analytical calculations and statistical analyses were performed in R 3.1.3 (R Core 

Team, 2015) using the package metafor v1.9-7 (Viechtbauer, 2010). First, to test whether the 

plants, on average, exhibited significant positive or negative responses to environmental 

change regardless of their invasive status, we performed a general meta-analysis using a 

random-effects model (i.e. we assumed that there is true random variation among effect sizes, 

as is thought to be the case for ecological data; Gurevitch & Hedges, 2001). Then, to test 

whether native and invasive alien plants differed significantly in their performance responses 

to each of the different components of global environmental change (increases in mean levels 

of precipitation, temperature, atmospheric CO2 levels or N deposition, or a decrease in mean 

levels of precipitation) separately, we constructed mixed-effects multivariate models using 

the rma.mv function. In the models, plant invasive status was included as a fixed-effects 

moderator. Other fixed-effects moderators were also considered but either had insufficient 

data, no variance or did not affect the results and so were not presented in this study. Because 
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some studies included multiple pairs of invasive alien and native plant species, yielding 

multiple effect sizes per study, and some plant species were used in multiple studies, we 

included study (i.e. publications from which we extracted the data) and species identity as 

random factors in the models above.  

To control for possible non-independence of effect sizes from species with shared 

evolutionary history, we also included phylogenetic relatedness among the study species in 

the models above by including the variance-covariance matrix of species relatedness as an 

additional random factor. To get the variance-covariance matrix, we first constructed a base 

tree using the online program Phylomatic (Webb & Donoghue, 2005). Polytomies within this 

base tree were then resolved as far as possible using published molecular phylogenies (see 

Supplementary Materials and Methods S2). The phylogenetic tree was then transformed to an 

ultrametric tree using the compute.brlen function in the package ape v 3.2 (Paradis et al., 

2004). Finally, a variance-covariance matrix was calculated from the ultrametric tree, 

representing phylogenetic relatedness among species, using the vcv function in the package 

ape v 3.2. 

In each model, we computed weighted mean effect sizes and 95% confidence intervals (CIs) 

for the moderator levels (invasive, native). We considered a mean effect size estimate to be 

significantly different from zero if the 95% CI around the mean did not include zero. In these 

models, total heterogeneity (QT) in effect sizes can be partitioned into heterogeneity 

explained by the model structure (QM) and unexplained heterogeneity (QE). We used the QM 

test (Koricheva et al., 2013) to test for a significant difference in the mean effect size between 

native and invasive alien plant species for the moderator.  

Publication bias 

In many research fields there is a bias against publishing negative results (Rosenthal, 1979). 

Hence, to assess whether there is evidence for a publication bias in our meta-data set, we used 

a funnel plot and Egger’s regression. A funnel plot graphs effect sizes against standard errors, 

and assumes that studies with the largest sample sizes will have lower standard errors, and 

hence will be near the average effect size, while studies with smaller sample sizes will show a 

larger spread on both sides of the average effect size (Koricheva et al., 2014). Deviations 

from this expected pattern can indicate publication bias (Koricheva et al., 2014). Positive 
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asymmetry in a funnel plot is typically taken to indicate bias, in that studies with positive 

effects are published with a greater frequency than studies with negative effects (Koricheva et 

al., 2014). We first graphed the funnel plots using the funnel function, and visually inspected 

funnel plots of standard errors or replicate numbers versus standardized effect sizes for the 

presence of asymmetry (Egger et al., 1997; Sterne & Egger, 2001). We then formally tested 

the asymmetry of funnel plots using Egger’s test which is widely used for detecting 

publication bias (Sterne & Egger, 2006) using the regtest function.   

Results 

In the analysis that did not consider the invasive status of the species, increases in mean 

levels of atmospheric CO2 concentration and N deposition had significantly positive effects 

on average plant performance (Table S3; Fig. S3). Increased temperatures and increased 

precipitation also had net positive effects on average plant performance, but these effects 

were not significantly different from zero (Table S3; Fig. S3). On the other hand, a decrease 

in the mean level of precipitation had a significantly negative effect on average plant 

performance (Table S3; Fig. S3). In the separate analyses for each component of global 

environmental change in which we considered the invasive status (invasive vs native) of the 

plant species, elevated temperature and elevated atmospheric CO2 concentrations resulted in 

significantly larger increases in performance for invasive alien plants than for native plants 

(Table 1; Fig. 1). Invasive alien plants tended to have a slightly stronger positive response to 

increased N deposition and increased precipitation than native plants, but these differences 

were only marginally significant for N deposition and not significant for precipitation (Table 

1; Fig. 1). On the other hand, invasive alien plants tended to have a slightly stronger negative 

response to decreased precipitation than native plants, and this difference was marginally 

significant (Table 1; Fig. 1). 
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Figure 1 Performance responses (indicated by log response ratio mean effect sizes) of native 

(blue symbols) versus invasive alien plant species (red symbols) to drivers of global 

environmental change (increased and decreased precipitation, elevated temperature, elevated 

atmosphere CO2 levels and nitrogen deposition). Error bars represent 95%-confidence 

intervals around the mean effect-size estimates, and were derived from a phylogenetically 

informed meta-analytic model. The asterisk (*) indicates a statistically significant difference 

between native and invasive plant species (i.e. p < 0.05), and † indicates a marginally 

significant difference (i.e. p < 0.1), while ns denotes no significant difference. Sample sizes 

(i.e. the number of effect sizes) are given in parentheses. The dashed vertical line indicates 

zero effect of the global-environmental change drivers.  

In all analyses, the variance components associated with phylogenetic history were low 

(Table 1 and Tables S1-S3), indicating that the effect sizes used were largely 

phylogenetically independent. Visual inspection of the funnel plot and Egger’s test for 

asymmetry of the funnel plot showed that the results were not significantly affected by a 

publication bias (z = -0.887, p = 0.375; Fig. S4).  
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Table 1 Results of a phylogenetically informed meta-analysis comparing invasive alien and native plant species for differences in response to 

environmental change (i.e. increased and decreased precipitation, elevated temperature, elevated atmospheric CO2 levels, and nitrogen 

deposition). The analysis was performed for each component of global change individually. In the analysis, the QM statistic and associated P 

value test for a difference between invasive alien plants and native plants. A significant (or marginally significant) difference between invasive 

and native plants is marked in bold font. 

Moderator 
Number of 

Effect sizes 

Effect sizes  
Random effects 

(Variance component) 
 QM tests 

Mean Lower 95% CI Upper 95% CI  Species Phylogeny Study  QM Df P 

Decreased precipitation 
Invasive 14 -0.5852 -0.1884 -0.982  

0.0038 0.0505 0.285 
 

3.4857 1 0.0619 
Native 17 -0.4619 -0.0711 -0.8526   

Increased precipitation 
Invasive 6 0.3115 -0.2688 0.8917  

0.138 0.0968 0.0596 
 

0.1716 1 0.6787 
Native 19 0.2213 -0.2704 0.7131   

Elevated temperature 
Invasive 20 0.3827 0.0250 0.7404  

0.0438 0.0212 0.2359 
 

9.4482 1 0.0021 
Native 31 0.0775 -0.2607 0.4157   

Elevated CO2 
Invasive 46 0.2932 0.1688 0.4175  

0.0343 0.0000 0.0314 
 

6.1477 1 0.0132 
Native 45 0.1300 0.0055 0.2544   

Elevated nitrogen 
Invasive 25 0.6556 0.3696 0.9416  

0.0573 0.0182 0.1390 
 

3.8164 1 0.0508 
Native 29 0.4739 0.1931 0.7547   
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Discussion 

Many invasive alien plant species have a broader environmental tolerance and a higher 

phenotypic plasticity than native plants (Richards et al., 2006; Davidson et al., 2011). Hence 

invasive plants have been hypothesized to benefit more from global environmental change 

than native plants do (Dukes & Mooney, 1999; Davidson et al., 2011). The present 

synthesized results of a phylogenetically-controlled meta-analysis partly support this 

hypothesis. The separate analyses of the individual global-change components showed that 

elevated temperature, elevated atmospheric CO2 concentrations and N deposition might 

favour performance of invasive plants relative to that of native plants. Decreased 

precipitation, on the other hand, might inhibit performance of invasive plants more relative to 

that of native plants. Our results thus suggest that particularly elevated temperature, elevated 

atmospheric CO2 concentrations and N deposition may further promote invasiveness of the 

invasive alien plant species, while decreased precipitation (i.e. drought) might inhibit it.   

Overall, invasive plants benefited more from increases in the global environmental change 

components than native plants did. This result is concordant with the finding of a meta-

analysis by Davidson et al., (2011) that invasive plants are more phenotypically plastic than 

co-occurring non-invasive plants across several different types of environmental variation. A 

previous meta-analysis on trait differences between invasive and non-invasive (mostly native) 

plant species found that, on average, invasive plant species had significantly higher values 

than native plants for traits reflecting physiology, size and fitness (van Kleunen et al., 2010b). 

Combined with our results, this suggests that invasive plants may even more strongly 

outperform native plants under increases in global environmental changes in the future. 

Our findings contrast to some extent with results of a recent meta-analysis by Sorte et al., 

(2013) who evaluated the responses of alien and native organisms, including both plants and 

animals, to elevated atmospheric CO2 concentrations, warming and changes in precipitation, 

in terrestrial, marine and freshwater ecosystems. They found that alien and native organisms, 

primarily plants, in terrestrial ecosystems did not significantly differ in their responses to 

environmental changes. Nevertheless, some of the patterns that we found are in line with the 

patterns that Sorte et al., (2013) found. The results of Sorte et al., (2013) indicate a slight 

tendency for stronger responses to increases in CO2 and precipitation among alien species 

than among native species. There are several possible explanations for why the results or the 
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statistical significances deviate between two studies. First, we used the log response ratio (ln 

R) as effect size to quantify the different plastic responses to environmental changes between 

invasive and native plants, while Sorte et al., (2013) used the ratio of the difference between 

treatment and control responses to the average of responses across treatment and control 

conditions. Second, we only evaluated responses of plants to environmental change rather 

than combining plants and animals. Third, we focused on the comparison between natives 

and invasive aliens, while Sorte et al., (2013) compared natives with naturalized aliens, 

which are not necessarily invasive. Fourth, we included studies that were published after 

2013, and thus were not included in Sorte et al., (2013). Whatever the exact reason for the 

discrepancies, in contrast to Sorte et al., (2013), who mainly found differences in the 

responses of alien and native organisms in aquatic systems, we now provide evidence that 

similar differences exist for terrestrial plants. 

Invasive plants took significantly more advantage of CO2 enrichment than native plants did. 

Plants with the C3 photosynthetic pathway are thought to take more advantage of CO2 

enrichment than plants with a C4 pathway (Pearcy & Ehleringer, 1984; Poorter, 1993). Thus  

the present results could also reflect differences in photosynthetic pathways between invasive 

and native plants in our study. However, because invasive and native plants had similar 

numbers of species characterized by C3 (invasive: n = 35; native: n = 35) and C4 (invasive: n 

= 4; native: n = 7) photosynthetic pathways in our analysis, the photosynthetic pathway likely 

played little role in differences between invasive and native plant responses to CO2 

enrichment. Therefore, increased CO2 concentration likely favoured performance of invasive 

plants over native plants through direct (enhanced growth rate) and indirect (enhanced 

resource capture) mechanisms regardless of photosynthetic pathway. 

Elevated temperature had stronger positive effects on performance of invasive plant species 

than of native plant species. Warming can directly affect photosynthesis and resource uptake 

(llorens et al., 2004; Blumenthal et al., 2013), increase the duration of the growth period of a 

plant (Peñuelas et al., 2002), and could also induce a higher soil-nutrient availability through 

increased mineralization (Rustad et al., 2001). Generally, native plants have a long 

evolutionary history under ambient temperatures and thus are adapted to the ambient 

temperature, whereas they might not be optimally adapted to novel temperature conditions 

created by global warming. Although invasive plant species are locally adapted as frequently 
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as native plants are (Oduor et al., 2016), invasive plants may naturally be pre-adapted to a 

wider range of temperatures (Bradley et al., 2015), and hence warming could enhance 

invasiveness of these alien plants. 

Invasive plant species have often been introduced from more nitrogen-rich habitats, and are 

thus more likely to be adapted to environments with high nitrogen levels (Dostál et al., 2013). 

A previous study also showed a positive correlation between N deposition and abundance of 

invasive plant species at a regional scale (Scherer-Lorenzen et al., 2007). This indicates that 

increased N deposition could promote plant invasion (Bradley et al., 2010a). Our meta-

anaylsis tentatively supports this, because we found that the response of invasive plants to 

increased N deposition was marginally significantly higher than that of native plants. Our 

finding is in line with previous cross-species studies (Scherer-Lorenzen et al., 2000), and also 

with a previous meta-analysis showing that nitrogen enrichment favoured invasive-terrestrial 

plant species over native-terrestrial plants (Gonzalez et al., 2010). A recent study showed that 

in many grasslands, introduced plant species respond more strongly to nitrogen enrichment 

than native plant species do (Seabloom et al., 2015). Thus, the idea that invasive plants 

benefit more from increased nitrogen than native plants do seems to find general support, 

despite the marginal significance of this difference in our meta-analysis.  

While atmospheric CO2 concentration, temperature and N deposition are likely to further 

increase in most parts of the world, precipitation is likely to increase in some regions and 

decrease in other regions (Naz et al., 2016). Moreover, there is a high uncertainty around the 

predictions of future precipitation levels, and it is likely that the frequency of extremely dry 

and wet years will increase (IPCC, 2013). Therefore, it is important to distinguish studies that 

increased from those that decreased the water availability relative to ambient levels (Sorte et 

al., 2013). Our meta-analysis indicated that invasive plant species tended to take more 

advantage of higher water availability, but that this difference was not significant. On the 

other hand, invasive plants tended to be slightly less drought tolerant than native plants, 

although this was only marginally significant. Sorte et al., (2013) found similar patterns for 

responses to changes in precipitation between alien and native organisms as we did, and the 

differences in their meta-analysis were also not statistical significant. The patterns revealed 

by both meta-analyses were quite similar due to the high degree of overlap in publications 

used for this global change component (13 out of 16 publications used in our study were also 
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used in Sorte et al., (2013). Generally, invasive plant species tend to use more water than 

native plant species do (Cavaleri & Sack, 2010). Consequently, increases in precipitation may 

favour and, conversely, decreases in precipitation could inhibit invasive plant species more so 

than native plant species (Bradley et al., 2010b). Such patterns are also in line with the results 

of several field experiments (Levine et al., 2010; Ziska & Dukes, 2014). Our finding thus 

tentatively suggests that invasiveness of many currently invasive alien plants might decrease 

when the climate becomes drier.  

The present meta-analysis has quantitatively summarized the patterns of invasive and native 

plant species’ responses to individual components of global environmental change. However, 

many of these components change simultaneously, and these changes may additively or 

interactively impact plant performance (Dukes et al., 2005; Bloor et al., 2010; Dieleman et 

al., 2012). For instance, elevated CO2 can enhance water-use efficiency and thereby increase 

plant productivity under drier conditions (Blumenthal et al., 2013). On the other hand, 

warming often reduces soil moisture and increases water-use, thus negating the water-saving 

effects of elevated CO2 (Cantarel et al., 2013). So, while some of the effects of different 

individual global change components may act in the same direction (Zavaleta et al., 2003), 

others may act antagonistically (Williams et al., 2007). Despite the potential importance of 

co-occurring environmental changes, few studies to date (only eight out of the 56 

publications included in our meta-analysis) have examined invasive and native species’ 

responses to more than one global change component at a time. Therefore, the question as to 

what is the relative significance as well as the interactive effects of environmental change 

components on performance of invasive and native plants remains largely unexplored 

empirically. 

In a summary, our meta-analysis revealed that invasive alien plant species benefited from 

elevated mean temperature and atmospheric CO2 concentrations more so than native plants. 

There were similar patterns in response to increased N deposition and increases in 

precipitation (although the results were not significant). Among the native species, there was 

also wide variation in their responses, suggesting that some of them might benefit and expand 

their ranges. Similarly, among the invasive species, some species might benefit less than 

others under increased levels of the different global change components. Despite this 

variation within groups, overall, our findings suggest that global change drivers that create 
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favourable environmental conditions, particularly elevated temperature and atmospheric CO2 

concentrations, will further increase the invasiveness of invasive alien plants in the future.  
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Table S1 Results of a phylogenetically informed meta-analysis of plant species responses to environmental change (i.e. increased and decreased 

precipitation, elevated temperature, elevated atmospheric CO2 levels, and nitrogen deposition) regardless of a plant origin (alien or native). The 

analysis was performed for each component of global change individually. A mean effect size is significantly different from zero if its 95% 

confidence interval (CI) does not overlap zero. These results were obtained from the analysis of combined data including all non-invasive and 

invasive alien plants and native plants. 

Moderator Number of effect sizes 
Effect sizes  

Random effects 

(Variance component) 

Mean Lower 95% CI Upper 95% CI  Species Phylogeny Study 

Decreased precipitation 33 -0.5219 -0.1500 -0.8939  0.0096 0.0526 0.2572 

Increased precipitation 25 0.2442 -0.246 0.7344  0.1312 0.1007 0.0642 

Elevated temperature 60 0.1762 -0.1336 0.4859  0.0741 0.0079 0.2379 

Elevated CO2 96 0.2133 0.1121 0.3145  0.0443 0.0000 0.0261 

Elevated nitrogen 55 0.5600 0.2362 0.8838  0.0497 0.0428 0.1461 
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Table S2 Results of a phylogenetically informed meta-analysis comparing alien (included both invasive and non-invasive alien plants) and 

native plant species for differences in response to environmental change (i.e. increased and decreased precipitation, elevated temperature, 

elevated atmospheric CO2 levels, and nitrogen deposition). The analysis was performed for each component of global change individually. In the 

analysis, the QM statistic and associated P value test for a difference between alien plants (non-invasive and invasive) and native plants. A 

significant (or marginally significant) difference between invasive and native plants is marked in bold font. 

Moderator 
Number of 

effect sizes 

Effect sizes  
Random effects 

(Variance component) 
 Randomization tests 

Mean 
Lower 95% 

CI 

Upper 95% 

CI 
 Species Phylogeny Study  QM Df P 

Decreased 

precipitation 

Alien 15 -0.5849 -0.1992 -0.9707  
0.0047 0.0575 0.2589 

 
2.3049 1 0.1290 

Native 18 -0.4853 -0.1056 -0.865   

Increased 

precipitation 

Alien 6 0.3115 -0.2688 0.8917  
0.138 0.0968 0.0596 

 
0.1716 1 0.6787 

Native 19 0.2213 -0.2704 0.7131   

Elevated 

temperature 

Alien 29 0.3680 0.0232 0.7128  
0.0459 0.0162 0.2436 

 
10.2053 1 0.0014 

Native 31 0.0778 -0.2538 0.4094   

Elevated CO2 
Alien 47 0.2891 0.1695 0.4086  

0.0352 0.0000 0.0284 
 

5.0131 1 0.0252 
Native 49 0.1453 0.0278 0.2628   

Elevated nitrogen 
Alien 26 0.6461 0.3633 0.9290  

0.0571 0.0165 0.1422 
 

3.4747 1 0.0623 
Native 29 0.4745 0.1962 0.7528   
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Table S3 Results of a phylogenetically informed meta-analysis of plant species response to environmental change (i.e. increased and decreased 

precipitation, elevated temperature, elevated atmospheric CO2 levels, and nitrogen deposition) regardless of a plant invasive status (invasive 

alien or native). The analysis was performed for each component of global change individually. A mean effect size is significantly different from 

zero if its 95% confidence interval (CI) does not overlap zero. 

Moderator Number of Effect sizes 
Effect sizes  

Random effects 

(Variance component) 

Mean Lower 95% CI Upper 95% CI  Species Phylogeny Study 

Decreased precipitation 31 -0.5067 -0.1143 -0.899  0.0116 0.0526 0.2817 

Increased precipitation 25 0.2442 -0.246 0.7344  0.1312 0.1007 0.0642 

Elevated temperature 51 0.1760 -0.1531 0.5050  0.0712 0.0179 0.2312 

Elevated CO2 91 0.2093 0.1012 0.3174  0.0458 0.0000 0.0290 

Elevated nitrogen 54 0.5625 0.2392 0.8858  0.0509 0.0429 0.1435 
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Figure S1 

 

Figure S1 Performance responses (indicated by log response ratio mean effect sizes) of plant 

species to drivers of global environmental change (increased and decreased precipitation, 

elevated temperature, elevated atmospheric CO2 levels and nitrogen deposition) regardless of 

their origin (i.e. alien and native). Error bars represent 95%-confidence intervals around the 

mean effect-size estimates derived from the phylogenetically informed meta-analytic model. 

The sample sizes (i.e. the number of effect sizes) are given in parentheses. The dashed 

vertical line indicates zero effect of global environmental changes. These results were 

obtained from the analysis for the data including all non-invasive and invasive alien plants 

and native plants. 
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Figure S2 

   

Figure S2 Performance responses (indicated by log response ratio mean effect sizes) of 

native (blue symbols) and alien (invasive and possibly non-invasive) plant species (red 

symbols) to drivers of global environmental change (increased and decreased precipitation, 

elevated temperature, elevated atmospheric CO2 levels, and nitrogen deposition). Error bars 

represent 95%-confidence intervals around the mean effect-size estimates derived from the 

phylogenetically informed meta-analytic model. The asterisk (*) indicates a statistically 

significant difference (i.e. P < 0.05), and † indicates a marginally significant difference (i.e. p 

< 0.1), while ns denotes no significant difference between native and alien plant species. 

Sample sizes (i.e. the number of effect sizes) are given in parentheses. The dashed vertical 

line indicates zero effect of global environmental changes.  
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Figure S3 

 

Figure S3 Performance response (indicated by log response ratio mean effect sizes) of plant 

species to drivers of global environmental change (increased and decreased precipitation, 

elevated temperature, elevated atmospheric CO2 levels, and nitrogen deposition) regardless of 

a plant invasive status (i.e. invasive alien and native). Error bars represent 95%-confidence 

intervals around the mean effect-size estimates and were derived from the phylogenetically 

informed meta-analytic model. The sample sizes (i.e. the number of effect sizes) are given in 

parentheses. The dashed vertical line indicates zero effect of the global environmental-change 

drivers.  
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Figure S4. A test for publication bias 

  

 

Figure S4 A funnel plot showing the relationship between effect size (ln R) and the inverse 

of the standard error (i.e. a test for publication bias). 
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Responses of common and rare aliens and natives to nutrient availability 

and fluctuations 
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Summary 

1. Global environmental change not only includes changes in mean environmental conditions 

but also in temporal environmental fluctuations. Because it is frequently suggested that com-

mon species, and particularly invasive alien species, are phenotypically highly plastic, they 

might benefit more from these fluctuations than rare native and rare alien species. Experi-

mental tests, however, are still lacking. 

2. Here, we tested whether alien plant species take more advantage of increases in resource 

levels and fluctuations therein than native species, and whether common species do so more 

than rare species. Therefore, we grew seven common alien, seven rare alien, nine common 

native and six rare native herbaceous plants, in one treatment with constantly low nutrient 

availability and five treatments with high nutrient availability that differed in temporal avail-

ability of nutrients (constant, increasing, decreasing, single large pulse, multiple smaller puls-

es). 

3. We found that all species produced more biomass and longer roots, and had a lower root 

mass fraction under high nutrient conditions than under low nutrient conditions, irrespective 

of their origin and commonness. Among the high nutrient treatments, the temporal pattern of 

nutrient supply also influenced biomass production, root allocation and root thickness, but the 

magnitude and/or directions of these responses varied among the groups of species. Particu-

larly, we found that alien plant species, irrespective of whether they are common or rare, pro-

duced more biomass, and had a higher root mass fraction when nutrients were supplied as a 

single pulse in the middle of the growth period instead of supplied at a constant rate, whereas 

the reverse was true for the native species. 

4. Synthesis. Our study suggests that species origin does not drive differences in plant bio-

mass production, root morphology and allocation in response to changes in mean environ-

mental nutrient availability. However in our study, alien plant species, in contrast to native 

plant species, benefited from a large nutrient pulse. This suggests that increased fluctuations 

in nutrient availability might promote alien plant invasions.  

Key-words: biological invasion, commonness, exotic plant, invasiveness, non-indigenous, 

nutrient pulses, plant origin, plant-environment interactions, resource fluctuations  
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Introduction 

With increasing globalization, more and more plant species have established wild populations 

in biogeographic regions where they are not native (Seebens et al., 2015; van Kleunen et al., 

2015). Some of these naturalized species successfully spread and now occupy large areas in 

the introduced range (i.e. have become common), and some of these invasive species threaten 

native diversity, disrupt ecosystem services, and cause large economic damage (Vitousek et 

al., 1996; Pimentel et al., 2005; Vilà et al., 2011). Consequently, explaining what makes 

some alien plant species successful and allows them to displace native plants in the intro-

duced region is an important research topic in ecology (Funk & Vitousek, 2007; Leishman et 

al., 2010; van Kleunen et al., 2010b; Heberling & Fridley, 2013; Funk et al., 2016; Jia et al., 

2016).  

High phenotypic plasticity is thought to help plants tolerate environmental change and to take 

advantage of increases in resources (Nicotra et al., 2010; Gioria & Osborne, 2014). Conse-

quently, high plasticity could increase the chances of an alien plant species to establish in a 

new environment, and even to out-compete resident native plant species (Baker & Stebbins, 

1965; Richards et al., 2006). Indeed meta-analyses have shown that invasive species are more 

plastic (Davidson et al., 2011; but see Palacio-López & Gianoli, 2011) and take more 

advantage of increased CO2 levels and temperatures (Liu et al., 2017) than native species. So 

far, empirical studies tested this hypothesis mainly by assessing plastic responses to changes 

in the means of environmental factors (Leishman & Thomson, 2005; Funk, 2008; Godoy et 

al., 2011; Porté et al., 2011; van Kleunen et al., 2011b; Dawson et al., 2012a). Environmental 

change, however, also affects environmental variability (Stenseth et al., 2002; Smith, 2011; 

Parepa et al., 2013). As phenotypic plasticity could help species to cope with increasing envi-

ronmental variability, it is important to test plastic responses of alien and native plant species 

to such variability, in addition to their responses to changes in mean environmental condi-

tions.  

A major global environmental change factor is atmospheric nitrogen deposition (Galloway et 

al., 2008), which has increased nutrient availability in many parts of the world and may have 

affected the commonness of alien and native plant species. Moreover, in addition to overall 

increases in nutrient availability, fertilizer spill over from arable fields and grasslands into 

natural areas, increasing fluctuations in extreme events (e.g. droughts, floodings, heat waves, 
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fires) affecting nutrient cycling and changes in land use types and their associated manage-

ment practices (e.g. grazing ,tilling) could lead to increasing temporal variability in nutrient 

availability (Davis & Pelsor, 2001; Pivello et al., 2010; Chen et al., 2011; Matias et al., 2011; 

Verma & Jayakumar, 2012). Consequently, the likelihood that nutrients might become avail-

able in one or multiple pulses of different magnitudes, and might slowly accumulate or de-

crease, might increase. 

As one of the primary functions of roots is the uptake of nutrients from the soil to enhance 

plant growth, plastic changes in root allocation and morphology in response to nutrient avail-

ability could optimize nutrient acquisition, and thereby plant performance (Hutchings & de 

Kroon, 1994; de Kroon et al., 2012; Grossman & Rice, 2012). For example, under spatially 

heterogeneous nutrient supply, plants produce more, longer and thinner roots in the high nu-

trient patches than in the low nutrient patches, and this increases overall biomass production 

(Keser et al., 2014; Keser et al., 2015). However, little is known about how different patterns 

of temporal resource availability affect growth and root morphology, and whether this may 

differ between alien and native plants. 

Plants can have different strategies to adjust to constant and fluctuating environments. There 

is evidence that, in contrast to plants from constant environments, plants from fluctuating 

environments have higher nutrient-uptake rates and show a stronger increase in potential up-

take rates when nutrient availability increases (Craine, 2009). Plant-strategy theory suggests 

that only plants possessing characteristics related to competitive ability (e.g. high growth 

rates) could achieve success under high resource availability while competing with other 

plants (Grime, 1977; Jabot & Pottier, 2012; Grime et al., 2014). Consequently, highly com-

petitive invasive alien, and also common native, plant species are predicted to be able to take 

more advantage of resource peaks under temporal nutrient fluctuations. In line with this idea, 

the fluctuating-resource-availability hypothesis poses that habitats become more susceptible 

to invasion when resources availability increases (Davis et al., 2000). Indeed, studies have 

shown that alien plants benefited more than native plants in the community when water avail-

ability (Blumenthal et al., 2008) or nutrients increased (Brooks, 2003; Jiménez et al., 2011; 

Lai et al., 2015; Flores-Moreno et al., 2016). Not only increases in the mean levels of re-

source availability, but also increases in the variability of resource availability are thus likely 

to increase plant invasion. Few experiments, however, have tested explicity whether and to 
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what extent invasive alien plant species benefit from resource fluctuations (but see Davis & 

Pelsor, 2001; Parepa et al., 2013; Koerner et al., 2015 for notable exceptions). 

Invasive alien species are widespread, but some native species are equally common. Similarly, 

there are not only rare native species but also rare alien species. It has been suggested that the 

factors that drive invasion success of alien species are the same as the ones that drive com-

monness of native species (Thompson & Davis, 2011; also see van Kleunen & Richardson, 

2007). While this may seem plausible, it still needs to be explicitly tested (van Kleunen et al., 

2011a; Knapp & Kühn, 2012). Dawson et al., (2012a) found that common alien plant species 

did not differ from common native plant species in their responses to nutrient addition, but 

that both groups of common species exhibited stronger responses to nutrient addition com-

pared to rare alien and native species. Therefore, commonness might affect the outcomes of 

comparisons between alien and native plant species in response to nutrient changes, and 

should be tested.  

To test whether alien and common plant species take more advantage of increases in resource 

levels and fluctuations therein than native and rare species, we did a multi-species, common-

garden experiment. We compared the plastic responses in biomass production and in root 

allocation and morphology to nutrient addition and fluctuations therein among seven com-

mon alien, seven rare alien, nine common native and six rare native plant species. We applied 

six treatments differing in the mean and temporal availability of nutrients. By comparing bi-

omass production, root morphology and allocation of the four groups of plant species in the 

different treatments, we addressed the following specific questions: 1) Do alien and common 

plant species exhibit stronger plastic responses in root morphology and allocation, and take 

more advantage of increased mean nutrient levels than native and rare plant species? 2) Do 

alien and common plant species exhibit stronger plastic responses in root morphology and 

allocation, and take more advantage of gradual changes in nutrient availability over time than 

native and rare plant species? 3) Do alien and common plant species take more advantage of 

nutrient pulses than native and rare plant species?  
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Materials and Methods 

Study species 

To test for differences in plant responses to nutrient availability and temporal fluctuations 

therein among common alien, rare alien, common native and rare native species, we selected 

a total of 29 terrestrial herbs belonging to seven families and all occurring in Germany 

(Methods S1). We classified the species as alien or native to Germany based on information 

in the BiolFlor database (http://www2.ufz.de/biolflor/index.jsp). All selected alien species are 

considered to be naturalized (i.e. have established long-term populations in the wild). We 

classified the species as common and rare based on their frequency of occurrence in Germany 

according to the FLORKART database, which provides distributional data for the vascular 

flora of Germany (http://www.floraweb.de/). In the FLORKART database, Germany is divid-

ed into 3000 grid-cells of 10 minutes longitude × 6 minutes latitude (corresponding to c. 12 

km × 11 km). We assigned a species as common if it has been recorded in more than 1000 

grid cells (33% of the total number of grid cells in Germany), and as rare (or less common) if 

it has been recorded in fewer than 500 grid cells (17% of the total number of grid cells in 

Germany). To avoid confounding of origin and commonness with taxonomy, we aimed to 

include at least one common alien, one rare alien, one common native and one rare native 

species per family. However, because of difficulties in obtaining seeds and insufficient ger-

mination of some species, our final species set was not fully balanced with regard to taxono-

my; we used seven common alien, seven rare alien, nine common native and six rare native 

species (Methods S1). Four families were represented by at least one species from each group, 

and three families lacked representatives of one or two groups. Seeds of the study species 

were collected in natural populations, or acquired from commercial seed companies or botan-

ical gardens (Methods S1). 

Experimental design 

To test for differences in growth performance, and root morphology and allocation among the 

four groups of species, we did a multi-species experiment (van Kleunen et al., 2014) in a 

greenhouse of the botanical garden of the University of Konstanz (Germany). From 4 to 26 

August 2014, we sowed the seeds of each species separately into trays (12 × 12 × 4.5 cm) 

filled with potting soil (Topferde®, Einheitserde Co., Sinntal-Altengronau, Germany; pH 5.8; 

2.0 g/l KCl; 340 mg/l N; 380 mg/l P2O6; 420 mg/l K2O; 200 mg/l S; 700 mg/l Mg). As some 
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species were known, from previous experiments, to geminate earlier than others, we sowed 

the species on different dates (Methods S1) to ensure that the seedlings were in a similar de-

velopmental stage at the start of the experiment. Sowing dates of rare alien, common alien, 

rare native and common native species differed on average by less than one day. The trays 

with sown seeds were kept in a greenhouse at a temperature between 22 and 28 
°
C, and a 

light cycle of 16h:8h (day:night). After four weeks, we selected 24 similar-sized seedlings per 

species, and transplanted them into 2.5-L circular plastic pots filled with a 1:1 mixture of 

sand and fine vermiculite. We transplanted one seedling into each pot. The resulting 696 pots 

were assigned to positions across eight greenhouse benches according to a fully randomized 

experimental design, and watered to saturation. We re-randomized the positions of the pots 

among and within the benches five weeks after the start of the experiment. We kept the tem-

perature between 22 and 28 
°
C, and we used supplemental lighting to supply the plants with 

14 hours of light each day.  

One week after transplanting the seedlings, we started to apply different nutrient treatments. 

We used a Hoagland solution as fertilizer (Methods S2), which was applied at weekly inter-

vals for a total of 10 weeks. To test the effects of different overall nutrient supply and differ-

ent temporal patterns of nutrient supply on common alien, rare alien, common native and rare 

native plant species, we created six different nutrient-supply patterns (Fig. 1): (i) constant low, 

(ii) constant high, (iii) gradual increase, (iv) gradual decrease, (v) single large pulse and (vi) 

multiple pulses of different magnitudes. The total (i.e. cumulative) amount of nutrients 

supplied during the 10 weeks was the same in all treatments except for the constant low 

treatment. In orther words treatments ii to vi were all high-nutrient treatments, but differed in 

the temporal pattern of nutrient suppy (Fig. 1). To increase the statistical power for detecting 

differences among the four groups of studied species, we had maximized the number of 

species per group over the number of replicate pots per species (van Kleunen et al. 2014). 

Therefore, we had only four individuals per species for each of the six nutrient treatments. 

We added 5 ml of 400% strength Hoagland solution to pots in the constant low nutrient 

treatment, and 40 ml of the same Hoagland solution to the constant high nutrient treatment 

each week. To avoid introducing a potential bias because of differences in water supply 

among the six treatments, we added extra water to the specific amount of 400% strength 

Hoagland solution of each treatment to ensure that each plant received a total of 100 ml nutri-

ent solution each time. 
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Figure 1 Graphical illustration of the experimental design (number of species per group, 

nutrient treatments and number of replicates per species and nutrient-treatment combinations) 

and data-analysis design for the effects of the nutrient treatments (i.e. dummy variables and 

their corresponding contrasts). Each bar represents the amount of nutrient solution supplied 

each week during the ten weeks of the experiment. The total amount of nutrients is the same 

in all high-mean treatments. In the data-analysis design, dummy variable coding for the 

scenarios of nutrient supply was used to test the effects of the mean level of nutrient supply 

(constant low treatment vs the average across the five high treatments; T0), and the effects of 

different temporal patterns of high nutrient supply vs the constant high supply (T1-T4). For 

the latter, each contrast of interest was made by fitting the corresponding dummy variable 

after all other dummy variables (for details on model comparisons, see Methods S4). The two 

lines next to each dummy coding indicate the contrasts of interest.   

Among the high-nutrient treatments in this study, the temporal pattern of nutrient supply 

might influence plant growth differently because of shifts in the degree of nutrient limitation 

over time. If nutrient supply is not limiting in the high-nutrient treatments, the effects of fluc-

tuations in nutrient availability over time on plant growth should be similar to when nutrients 

are supplied at a constant rate. Therefore, to ensure that the high nutrient treatments were still 

limiting for plant growth, we had previously done a pilot experiment with a wider range of 

nutrient levels (Methods S3). For the current experiment, we chose the high nutrient level so 

that plants produced significantly more biomass than at the lowest nutrient level of the pilot 

experiment, but also still significantly less biomass than at the highest nutrient level of the 
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pilot experiment (Methods S3). For the gradual-increase treatment, we increased the weekly 

amount of Hoagland solution per pot during the 10 weeks of the experiment as follows: 5, 5, 

21, 21, 40, 40, 58, 58, 76 and 76 ml (Fig. 1). For the gradual-decrease treatment, we applied 

the opposite sequence of nutrient-solution amounts (Fig. 1). The single-large-pulse treatment 

started after three weeks, and lasted for four weeks; the sequence was 5, 5, 5, 92.5, 92.5, 92.5, 

92.5, 5, 5 and 5 ml (Fig. 1). For the multiple-pulses treatment, we supplied to all replicates 

the same random order of 5, 76, 40, 40, 21, 58, 76, 58, 21 and 5 ml nutrient solution (Fig. 1). 

To ensure that water was not limiting for plant growth, we checked all pots every day during 

the experiment. We watered the plants when the soil looked dry, and supplied the same 

amounts of water to all plants.  

Measurements 

To be able to account for variation in initial sizes of plants in the analyses, we counted at the 

start of the experiment the number of true leaves (i.e. excluding the cotyledons), and meas-

ured the length and width of the largest leaf on each plant, and the height of each plant. On 24 

November 2014, we began to harvest the plants. On the first day, we harvested the above-

ground biomass of all plants, and then started to harvest the belowground biomass. As eight 

plants died during the experiment (Table S1), the total number of harvested plants was 688 

instead of 696. As the entire belowground-biomass harvest took eight days, we stored all pots 

outside at low temperatures after the aboveground-biomass harvest in order to halt growth or 

decay of the plants and thus to avoid introducing a potential bias due to different harvesting 

times. After washing all the roots clean of substrate, we randomly took a representative sub-

sample from each replicate root system, and stored it in a plastic 20 ml tube filled with dis-

tilled water in a cold room at 4°C. The remaining root mass and the aboveground biomass of 

each plant were dried for at least 72 hours at 80°C, and weighed. We stained the root sub-

samples in a neutral-red solution for 30 minutes. We then determined the total root length, 

and the mean root diameter of each subsample using a flatbed scanner specifically modified 

for root scanning (Epson Expression 10000 XL; Regent Instruments, Quebec) and WinRhizo 

software (2012; Regent Instruments Inc., Quebec, Canada). All root subsamples were then 

dried for at least 72 hours at 80°C, and weighed. 

Based on the initial size measurements, we calculated an estimate of initial leaf area as the 

length × width of the largest leaf × the number of true leaves. Based on the final biomass and 
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root morphology measurements, we calculated total belowground biomass (biomass of sub-

sample used for root-morphology measurements + biomass of the rest of the root system), 

total biomass (aboveground biomass + belowground biomass), root mass fraction (below-

ground biomass / total biomass), total root length (root length of subsample × total below-

ground biomass / subsample mass) and specific root length (total root length / total below-

ground biomass). 

Analyses 

To test for differences in growth performance, and root morphology and allocation among 

common alien, rare alien, common native and rare native plant species, we fitted linear mixed 

effect models using the lme function in the R package ‘nlme’ (Pinheiro et al., 2015) in R 

3.1.3 (R Core Team, 2015). Total biomass, root mass fraction, total root length, root average 

diameter and specific root length of the plants were the response variables in the models. To 

meet the assumption of normality, we tried different transformations; and achieved the best 

residual distributions with a square-root transformation of total biomass and root mass frac-

tion, and a natural-log transformation of the three root morphological traits. We included spe-

cies origin (alien versus native), commonness (rare versus common), nutrient level (low ver-

sus high), nutrient variability (constant high versus each of the four scenarios of nutrient 

pulse), and their interactions, as fixed effects in all models. Because nutrient variability was 

nested within the high nutrient level, we coded the nutrient supply patterns as dummy varia-

bles T0 to T4 (Fig. 1) in all models to obtain the different treatment contrasts required 

(Schielzeth, 2010). Because initial variation in plant size might contribute to differences in 

final biomass and biomass allocation, we also added initial plant leaf area and initial plant 

height as scaled natural-log-transformed covariates in the models for total biomass and root 

mass fraction. To account for phylogenetic non-independence of species and for non-

independence of replicates of the same species, we included species nested within family as 

random effects in all models. 

As the homoscedasticity assumption was violated, we also included variance structures mod-

elling different variances per species in all models using the ‘varIdent’ function in the R 

package ‘nlme’ (Pinheiro et al., 2015; see also Zuur et al., 2009). As species within each of 

the four groups of different origin and commonness might vary in their responses to the nu-

trient treatments, we also ran models with random slopes for family and species with respect 
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to nutrient treatment. However, because this decreased the AIC-values (i.e. increased model 

fit) only for the total biomass model, we did not consider the random-slopes models for the 

other traits. In the linear mixed models described above, we assessed the significance of fixed 

effects (i.e. species origin, commonness, nutrient level and nutrient variability) and their in-

teractions with likelihood-ratio tests (Zuur et al., 2009; for details, see Methods S4).  

Plastic changes in root allocation and morphology in response to nutrient availability are fre-

quently implicitly assumed to constitute adaptive plasticity (i.e. to result in high performance 

of plants across different nutrient conditions). Ideally, the adaptive value of plasticity should 

be tested explicitly (van Kleunen & Fischer, 2005). Although there are ways of testing 

whether plasticity is adaptive based on selection-gradient analysis (see Dudley & Schmitt, 

1996; van Kleunen & Fischer, 2001 for one approach, and Keser et al., 2015 for another), 

these approaches cannot be applied in a straight-forward way to a multi-species dataset with 

few replicates per species. Instead, we tested how the change in biomass across two nutrient 

conditions (i.e. log-response ratios of biomass) relates to plasticity in the trait of interest 

across the same two nutrient conditions, using the 29 species as replicates (see Liu et al., 

2016). These analyses revealed some significant relationships between plastic responses of 

some of the root traits and the plant performance response to nutrients (see Methods S5). 

However, as we have only 29 species (i.e. data points), which does not provide enough de-

grees of freedom to include multiple traits and their plasticities in one and the same regres-

sion model, this approach is not very powerful and informative. Therefore, we did not inter-

pret these results. 

Results 

Mean values according to origin and commonness of plant species 

Averaged across all six nutrient treatments, common alien, rare alien, common native and 

rare native plants did not differ in total biomass, root mass fraction (Table 1 and Fig. S1) and 

root morphological traits (root length, root diameter and specific root length; Table 1 and Fig. 

S1). In other words, there were no significant main effects of origin and commonness, and no 

significant interaction between both for any of the measured traits (Table 1).  

Responses to mean nutrient availability 
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Averaged across all 29 species, plants produced significantly more biomass (+160.3%), and 

had a significantly lower root mass fraction (-18.5%) when growing under high nutrient con-

ditions (i.e. averaged across the treatments constant high, gradual increase, gradual decrease, 

single pulse and multiple pulses) than under constant low nutrient conditions (Table 1 and Fig. 

2). The decrease in root mass fraction was stronger for native species (-22.8%) than for alien 

species (-14.6%; significant O × T0 interaction in Table 1; Fig. 2). 

Averaged across all 29 species, plants produced significantly longer roots (+90.1%) when 

growing under high nutrient conditions than under constant low nutrient conditions (Table 1 

and Fig. 2). Root diameter and specific root length, on the other hand, were not significantly 

affected by the mean level of nutrient availability (Table 1 and Fig. 2). However, while for 

alien species the root diameter slightly increased (+6.5%) and the specific root length de-

creased (-12.5%) with increasing nutrient availability, the reverse tended to be the case for 

native species (root diameter decreased by 0.4% and specific root length increased by 3.6%; 

significant O × T0 interactions in Table 2; Fig. S2). The slight decrease in root diameter for 

native species was driven by the common ones (-3.5%) as the rare native species, just like the 

rare (+3.6%) and common alien species (+9.9%), also showed a slight increase (+4.2%; Fig. 

2). This was reflected in a significant O × C × T0 interaction in Table 1.  

Gradual changes in nutrient supply over time 

When nutrients were gradually increased over time, total biomass and root mass fraction were 

significantly lower than when nutrients were supplied at a constant high rate (total biomass: -

11.3%; root mass fraction: -10.8%; significant T1 effect in Table 1; Fig. 3 and Fig. S1). On 

the other hand, when nutrients were gradually decreased over time, root mass fraction was 

significantly higher than when nutrients were supplied at a constant high rate (+9.0%; signifi-

cant T2 effect in Table 1; Fig. 3). Root diameter was significantly larger when nutrients were 

gradually decreased instead of supplied at a constant high rate (+4.8%; Table 1, Fig. 3 and 

Fig. S1). On the other hand, specific root length was significantly lower when nutrient were 

gradually decreased instead of supplied at a constant high rate (-14.8%; Table 1, Fig. 3 and 

Fig. S1). Root length was not affected by gradual changes in nutrient supply for any of the 

four groups of plant species (Table 1; Fig. 3 and Fig. S1). For alien plants, root diameter was 

slightly higher (+4.7%) when nutrients gradually increased than when they were supplied at a 

constant high rate, whereas the reverse was true for the native species (-3.2%; significant O × 



53 

 

T1 interaction in Table 1; Fig. 3 and Fig. S3). Moreover, root diameter tended to be increased 

more for alien species (+7.5%) than for native species (+2.0%) when nutrients were gradually 

decreased instead of supplied at a constant high rate (marginal significant O× T2 interaction 

in Table 1; Fig. 3 and Fig. S3). 

Nutrient pulses 

When nutrients were supplied as a single large pulse in the middle of the 10-week growth 

period instead of at a constant high rate, alien species increased their biomass (+7.5%) and 

root mass fraction (+5.7%), while native species did the opposite (biomass: -13.8%, root 

mass fraction: -11.5%; significant O × T3 interaction in Table 1; Fig. 4 and Fig. S4). Root 

diameter of alien species was also slightly higher (+3.2%) when nutrients were supplied as a 

single large pulse instead of at a constant high rate, whereas the reverse was true for the na-

tive species (-3.5%; marginal significant O × T3 interaction in Table 1; Fig. 4 and Fig. S4). 

Biomass production and root mass fraction were not affected by whether the nutrients were 

supplied as multiple pulses or at a constant rate (Table 1 and Fig. 4).  

Root length and specific root length were neither affected by a single nutrient pulse nor by 

multiple nutrient pulses compared to a constant high supply rate for any of the four groups of 

plants (Table 1, Fig. 4 and Fig. S1). Root diameter was also not affected by the single nutrient 

pulse (Table 1, Fig. 4 and Fig. S1). However, root diameter was differently affected by multi-

ple nutrient pulses for the four groups of plant species. Root diameter was strongly increased 

(+14.2%) for common alien species, while it was only slightly increased for rare alien (+2.4%) 

and rare native species (+3.1%), and even slightly decreased for common native species (-

2.6%; significant O × T4 and O × C × T4 interactions in Table 1; Fig. 4).  
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 Table 1 Results of linear mixed effects models testing the effects of species origin, species commonness, changes in mean nutrient availability 

(T0) and temporal patterns of variability in nutrient availability (T1-T4), and all interactions thereof, on total biomass,  root mass fraction, total 

root length, average root diameter and specific root length of experimental plants.  

 Total biomass Root mass fraction Root length Average Root Diameter Specific root length 

Fixed effects df χ2 P df χ2 P df χ2 P df χ2 P df χ2 P 

Initial leaf area 1 19.77 <0.0001 1 5.43 0.0198 - - - - - - - - - 

Initial height 1 3.79 0.0515 1 0.51 0.4741 - - - - - - - - - 

Origin (O) 1 0.79 0.3737 1 0.59 0.4421 1 0.14 0.7090 1 1.30 0.2550 1 2.54 0.1107 

Commonness (C) 1 2.03 0.1538 1 1.55 0.2129 1 0.16 0.6863 1 3.01 0.0827 1 0.96 0.3267 

Low vs High (T0) 1 12.43 <0.0001 1 73.00 <0.0001 1 92.98 <0.0001 1 1.72 0.1893 1 0.46 0.4996 

Constant high vs Gradual increase (T1) 1 6.18 0.0129 1 15.10 0.0001 1 2.09 0.1487 1 0.14 0.7114 1 0.08 0.7834 

Constant high vs Gradual decrease (T2) 1 0.34 0.5628 1 7.95 0.0048 1 0.64 0.4254 1 4.43 0.0354 1 9.86 0.0017 

Constant high vs Single pulse (T3) 1 0.85 0.3554 1 0.94 0.3328 1 1.59 0.2071 1 0.22 0.6354 1 0.16 0.6906 

Constant high vs Multiple pulses (T4) 1 0.12 0.7309 1 0.03 0.8630 1 0.03 0.8623 1 2.09 0.1479 1 1.37 0.2426 

O × C 1 1.44 0.2297 1 1.56 0.2118 1 0.20 0.6547 1 0.08 0.7708 1 1.70 0.1928 

O × T0 1 0.92 0.3374 1 4.21 0.0402 1 0.08 0.7796 1 6.69 0.0097 1 3.90 0.0484 

O × T1 1 0.23 0.6308 1 1.61 0.2042 1 0.33 0.5634 1 5.84 0.0157 1 1.72 0.1893 

O × T2 1 0.03 0.8530 1 0.01 0.9116 1 0.25 0.6179 1 2.96 0.0856 1 0.43 0.5105 

O × T3 1 3.28 0.0703 1 8.04 0.0046 1 2.08 0.1491 1 3.75 0.0527 1 2.07 0.1502 

O × T4 1 0.93 0.3352 1 0.00 0.9544 1 0.11 0.7397 1 6.49 0.0108 1 2.88 0.0899 

C × T0 1 0.48 0.4907 1 0.78 0.3762 1 0.55 0.4592 1 0.66 0.4165 1 1.02 0.3123 

C × T1 1 0.33 0.5634 1 0.44 0.5062 1 1.21 0.2704 1 1.39 0.2387 1 0.03 0.8649 

C × T2 1 2.38 0.1232 1 0.25 0.6173 1 0.37 0.5434 1 0.36 0.5475 1 3.74 0.0533 

C × T3 1 0.29 0.5921 1 1.15 0.2841 1 0.75 0.3874 1 0.08 0.7751 1 0.29 0.5889 

C × T4 1 0.78 0.3782 1 0.66 0.4161 1 0.09 0.7609 1 0.25 0.6172 1 0.03 0.8570 

O × C × T0 1 0.79 0.3726 1 1.83 0.1756 1 0.06 0.8108 1 7.02 0.0081 1 1.69 0.1932 

O × C × T1 1 0.51 0.4756 1 0.31 0.5768 1 0.15 0.6952 1 0.00 0.9848 1 0.22 0.6372 

O × C × T2 1 0.13 0.7173 1 0.08 0.7834 1 2.02 0.1548 1 0.22 0.6428 1 0.63 0.4287 

O × C × T3 1 1.56 0.2111 1 1.54 0.2142 1 0.20 0.6548 1 0.60 0.4380 1 0.04 0.8435 

O × C × T4 1 0.34 0.5591 1 1.72 0.1895 1 1.41 0.2348 1 6.94 0.0084 1 0.54 0.4637 

Random effects SD SD SD SD SD 

Family 0.4019* 0.0567 0.9084 0.2742 0.0002 

Species within Family 0.5052* 0.1255 0.9611 0.1807 0.5596 

Residual 0.3120 0.0606 0.8856 0.1593 0.4496 

R2 of the model      

Marginal R2 0.2052 0.1215 0.0316 0.0469 0.1132 

Conditional R2 0.9484 0.8577 0.6998 0.8184 0.6521 

Note: *the standard deviation (SD) was only given the intercept of family and species here (for the random slopes of all treatments, please, see Table S1). Significant effects (p < 0.05) are in bold 
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Discussion 

Similar responses to mean nutrient availability among alien rare, alien common, native 

rare and native common species 

As expected, all plants produced more biomass under high mean nutrient supply than under 

low mean nutrient supply. This coincided with a decrease in the relative allocation of biomass 

to the root system, which is in line with predications of resource-limitation theory, posing that 

plants should allocate biomass to structures that help them acquire more of the most limiting 

resource (Bloom et al., 1985; Poorter & Nagel, 2000). Although both native and alien plant 

species allocated relatively less biomass to the root system under high nutrient conditions, 

this decrease was weaker for aliens. However, alien plant species produced thinner roots un-

der low than under high nutrient conditions, whereas native plant species showed the opposite 

pattern. As thin roots partly result from plants producing more root length with a given 

amount of dry weight (Pearson r = -0.451, n = 679, p < 0.0001 for root diameter and specific 

root length), an opposite pattern was found for specific root length. Together, these results 

suggest that natives and aliens follow partly different strategies in response to low nutrient 

conditions; natives more strongly increase the allocation of biomass to the roots, whereas 

aliens do so to a lesser degree but compensate this by producing thinner roots. 

Despite these apparently different strategies of native and alien plants, we found similar re-

sponses in biomass production to changes in mean nutrient availability among the four 

groups of species. In another multispecies experiment, Dawson et al., (2012a) compared re-

sponses to nutrient addition among the same four types of species in Switzerland, and found 

that common alien plant species did not differ in their performance response to nutrient addi-

tion from common native plant species, but that, irrespective of origin, common species ex-

hibited stronger responses to nutrient addition than rare species. Although we did not find 

that common species took more advantage of increased nutrient availability, we found, just 

like Dawson et al., (2012a), that there was no overall difference in biomass production re-

sponse between natives and aliens. The latter is also supported by findings of Godoy et al., 

(2011), who compared 20 invasive alien and 20 widespread native congeners in Spain across 

nutrient gradients, and found that both groups responded to environmental variation with sim-

ilar levels of plasticity. The consistency of these findings might indicate that the aliens and 

natives in both studies come from habitats with similar variation in mean nutrient levels, sug-
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gesting that species origin does not drive differences of plant performance in response to 

changes in mean nutrient availability. 

 

Figure 2 Modelled means of (a) total biomass, (b) root mass fraction, (c) total root length, (d) 

root diameter and (e) specific root length of the 7 rare alien and 7 common alien, 6 rare native 

and 9 common native plant species growing under low and high (averaged across 5 different 

temporal patterns; corresponding to contrast T0 in Table 2, also see Fig. 1) nutrient condi-

tions. Error bars represent SEs of the means. 
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It has previously been shown that common alien plant species tend to have stronger adaptive 

root-foraging responses than rare alien species, which could help common alien plant species 

capture more nutrients (Keser et al., 2014; Keser et al., 2015). Additionally, common species, 

irrespective of whether alien or native, appear to frequently occur in widespread nutrient-rich 

habitats (Thompson et al., 1995; Dawson et al., 2012b; Dostál et al., 2013). There is also 

evidence that rare species tend to disappear from communities after nutrient enrichment 

(Suding et al., 2005). Thus, common species usually benefit more strongly from nutrient ad-

dition than rare species. Although this was also found by Dawson et al., (2012a), our multi-

species experiment does not show this. Flores-Moreno et al., (2016) found that nutrient addi-

tion controlled the abundance (percentage cover) of native and alien species, and that the 

nutrient-addition effect on species richness, in particular for native species, was mediated by 

climatic conditions. In that study, alien species are likely to be common (invasive) rather than 

rare; whereas the natives included both common and rare species. Their result that native 

species declined in abundance but not in richness in response to nutrient addition might indi-

cate a reduction of common rather than rare native species when competing with common 

alien species. Therefore, the question whether differences in performance to changes in mean 

environmental conditions could drive commonness of species still needs further research. 

Gradual changes in nutrient supply over time influence plant performance 

Under an equally high cumulative nutrient supply during the 10-week growth period, plants 

produced less biomass when they grew initially under low nutrient supply that gradually in-

creased than when they grew under constant nutrient supply. This could be because under a 

gradual increase in nutrient supply over time, nutrient availability was insufficient at the early 

growth stage when plants needed nutrients the most. There was, on the other hand, no differ-

ence in biomass production between when plants grew under gradually decreased nutrient 

supply and when they grew under constant nutrient supply. Possibly, while nutrient supply 

decreased over time in this treatment, the nutrient availability might have decreased to a less-

er extent due to storage of nutrients in the substrate and/or plant. Alternatively, a possible 

growth disadvantage at the end of the experiment might not have compensated for the initial 

growth advantage yet.  

Plants allocated more biomass to roots under a gradually decreased nutrient supply than un-

der constant nutrient supply, whereas they showed the opposite pattern in response to a grad-
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ually increased nutrient supply compared to a constant nutrient supply. We found that the 

final root mass fraction was higher in the decreasing treatment, where plants had the lowest 

nutrient supply at the end of the experiment, than in the constant treatment.  Useche & 

Shipley, (2009) found evidence among 14 plant species that those that increased root mass 

fraction more strongly under decreasing nutrient avialability were less affected in their 

relative growth rate, suggesting that a plastic increase of root mass fraction under decreasing 

nutrient availability is adaptive. According to an optimal growth model developed by Iwasa 

& Roughgarden, (1984), when a plant grows in a constant environment, once both the roots 

and shoots have begun to grow simultaneously, their balanced growth will continue until the 

end of the vegetative growth. However, this root-shoot balance is likely to change when nu-

trient availability changes (Iwasa & Roughgarden, 1984). Our results for the patterns in root 

allocation, as measured at the end of the experiment, are in line with the predictions of Iwasa 

& Roughgarden, (1984), and with the predictions of the resource-limitation theory (Bloom et 

al., 1985), suggesting that plants continuously adjust biomass allocation depending on the 

actual nutrient availability. This might also happen with regard to the thickness of roots pro-

duced. However, at the end of the experiment, plants under a gradually decreased nutrient 

supply had thicker instead of thinner roots. Possibly, this reflects a legacy of the thick roots 

produced at the beginning of the experiment when nutrient availability was very high in the 

decreasing treatment. It would thus be interesting to assess how the thickness of newly pro-

duced roots changes over time under changing nutrient supplies. 

Root traits of alien and native plants responded overall in a similar way to gradual changes in 

nutrient supply. However, whereas under a gradual increase in nutrient supply, native plants 

had in the end slightly thinner roots than under a constant nutrient supply, alien plants had 

slightly thicker roots. These differences in root thickness responses were apparently not large 

enough to result in significantly different biomass responses of alien and native plants to 

gradual changes in nutrient supply. On the other hand, rare plants produced slightly more 

biomass when nutrient supply gradually decreased instead of remained constant, whereas 

common plants produced slightly less biomass. Under the scenario of a gradual decrease in 

nutrient supply over time, nutrient availability was sufficient at the beginning, whereas it was 

likely insufficient at the end. Rare plants might be better able to deal with a decrease in nutri-

ents as they often have adaptations suited for resource conservation rather than acquisition 

(Reich et al., 1999). 
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Figure 3 Modelled means of (a, b) total biomass, (c, d) root mass fraction, (e, f) root length, 

(g, h) root diameter, and (i, j) specific root length of the 7 rare alien (RA) and 7 common al-

ien (CA),  6 rare native (RN) and 9 common native (CN)  plant species growing under condi-

tions of constant high vs a gradual increase (a, c, e, g, i; corresponding to contrast T1 in Table 

2) and a gradual decrease (b, d, f, h, j; corresponding to contrast T2 in Table 2) in nutrient 

supply over time. Note that the constant high treatment is shown twice (in a, c, e, g, I and in b, 

d, f, h, j) for clarity. Error bars represent SEs of the means. 
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A nutrient pulse favours alien, but not native plant species  

The responses to the nutrient-pulse treatments differed among the four groups of plant spe-

cies. In response to a single large nutrient pulse, alien plant species showed an increase in 

total biomass, whereas native plant species showed a decrease. This coincided with an in-

crease and decrease in root allocation for alien and native species, respectively, in response to 

an increase in the mean nutrient level. Based on the resource-limitation theory (Bloom et al., 

1985), one would expect that a decrease in root allocation in response to an increase in nutri-

ents would be beneficial. However, in case of an ephemeral increase in nutrient availability, 

as during a pulse, having a large root mass fraction has the advantage that it allows a plant to 

take immediate advantage of the temporary surplus of nutrients. Our finding that a large 

nutrient pulse favours alien but not native plants is in line with the finding of Parepa et al., 

(2013) that the biomass of the highly invasive Japanese knotweed (Fallopia spp.) was two- to 

four-fold increased when nutrients were supplied pulse-wise instead of at a constant rate in 

experimental plant communities. 

When nutrients were supplied in multiple pulses instead of at a constant rate, common alien 

plants increased their root diameter, whereas the other groups showed negligible changes. 

These differences in root-diameter responses, however, did not appear to affect biomass re-

sponses of the four groups of species. Possibly, the effects of the multiple nutrient-pulses 

treatment were overall small because this treatment is quite similar to the constant nutrient-

supply treatment, which in effect consists of multiple pulses of the same magnitude. Never-

theless, our finding contrasts with the results of Parepa et al., (2013), who found that invasive 

Japanese knotweed did not just benefit from a single large pulse but even more so from mul-

tiple pulses of smaller magnitude. A possible explanation for this is that the plants in our 

study grew without competition, whereas Parepa et al., (2013) grew the invasive alien in 

competition with natives. The ability of alien plant species to rapidly take advantage of 

available resources (Richards et al., 2006) could help them outperform native plants when 

they compete with native plants. 
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Figure 4 Modelled means of (a, b) total biomass, (c, d) root mass fraction, (e, f) root length, 

(g, h) root diameter, and (i, j) specific root length of the 7 rare alien (RA), 7 common alien 

(CA), 6 rare native (RN) and 9 common native (CN) plant species growing under conditions 

of constant high vs single pulse (a, c, e, g, i; corresponding to contrast T3 in Table 2) and 

multiple pulses (b, d, f, h, j; corresponding to contrast T4 in Table 2) in nutrient supply. Note 

that the constant high treatment is shown twice (in a, c, e, g, i and in b, d, f, h, j) for clarity.  

Error bars represent SEs of the means.  
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In a community setting, coexistence of plant species, and thus invasion, is more likely when 

the species differ in their phenology (Wolkovich & Cleland, 2011; Godoy & Levine, 2014). 

With fluctuating nutrient availability, it is likely that the degree to which nutrient peaks 

coincide with a species main growth period might determine which species is likely to 

survive. The competitive advantages resulting from differences in nutrient uptake ability or 

phenology between alien and native plants might be less apparent when plants are grown 

individually. Although our results suggest that it is not a general phenomenon that common 

alien plants take more advantage of multiple nutrient pulses than native plants do, future stud-

ies should also consider competitive environments, like Parepa et al., (2013) did, and species 

with different phenologies.  

Conclusion  

Irrespective of their origin and commonness, all species in our study produced more biomass 

under high nutrient conditions than under low nutrient conditions. In addition, plants 

produced longer roots under high nutrient conditions despite allocating less biomass to roots. 

Among the five high nutrient treatments, the temporal pattern of nutrient supply also 

influenced biomass production, root allocation and root thickness, but the magnitude and/or 

direction of these responses varied among the four groups of species. Particularly, we found 

that alien plant species, irrespective of whether they are common or rare, produced more 

biomass, and had a higher root mass fraction when nutrients were supplied as a single pulse 

in the middle of the growth period instead of supplied at a constant rate, whereas the reverse 

was true for the native species. This suggests that alien plant species, possibly as a 

consequence of an increased biomass allocation to the root system, could in contrast to native 

plant species benefit from large nutrient pulses. 
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Supporting Information 

Methods S1 Information on status, commonness, native continent(s), number of grid cells, 

seed source, sowing date, transplanting date and mortality of the 29 study species in Germany. 

The species are grouped per family. 

Species Origin Commonness Native continent (s)$ 
Number of 

grid cells+ 

Sowing 

date 

Transplanting 

date 
Mortality 

Asteraceae        

Bidens frondosa † Alien Common Northern America 1766 18/08/14 01/09/14 0 

Solidago canadensis † Alien Common Northern America 2660 04/08/14 01/09/14 0 
Bidens connata † Alien Rare Northern America 437 18/08/14 01/09/14 0 

Solidago graminifolia † Alien Rare Northern America 43 04/08/14 01/09/14 0 

Bidens tripartita † Native Common 
Africa, Asia-Temperate, Asia-

Tropical, Europe, Northern 

America 

2706 18/08/14 01/09/14 0 

Solidago virgaurea † Native Common 
Africa, Asia-Temperate, Asia-

Tropical, Europe 
2618 04/08/14 01/09/14 0 

Bidens radiata ‡ Native Rare Asia-Tropical, Europe 252 18/08/14 01/09/14 0 

Brassicaceae        
Diplotaxis tenuifolia † Alien Common Asia-Temperate, Europe 1168 11/08/14 01/09/14 0 

Lepidium heterophyllum † Alien Rare Europe 98 11/08/14 01/09/14 0 

Barbarea vulgaris † Native Common 
Africa, Asia-Temperate, Asia-

Tropical, Europe 
2700 11/08/14 01/09/14 0 

Lepidium latifolium † Native Rare 
Africa, Asia-Temperate, Asia-

Tropical, Europe 
245 11/08/14 01/09/14 0 

Caryophyllaceae        

Cerastium tomentosum † Alien Common Europe 1296 11/08/14 01/09/14 0 

Gypsophila paniculata † Alien Rare Asia-Temperate, Europe 122 11/08/14 01/09/14 5 

Silene latifolia † Native Common 
Africa, Asia-Temperate, 

Europe 
2893 11/08/14 01/09/14 0 

Silene vulgaris † Native Common 
Africa, Asia-Temperate, Asia-

Tropical, Europe 
2754 11/08/14 01/09/14 0 

Petrorhagia saxifraga † Native Rare Asia-Temperate, Europe 296 11/08/14 01/09/14 0 

Silene viscosa † Native Rare Asia-Temperate, Europe 9 11/08/14 01/09/14 0 
Fabaceae        

Vicia villosa † Alien Common 
Africa, Asia-Temperate, 

Europe 
1993 11/08/14 01/09/14 0 

Medicago lupulina † Native Common 
Africa, Asia-Temperate, Asia-

Tropical, Europe 
2969 11/08/14 01/09/14 0 

Lupinus albus × Alien Rare Asia-Temperate, Europe 86 26/08/14 04/09/14 0 
Lamiaceae        

Salvia aethiopis † Alien Rare Asia-Temperate, Europe 22 18/08/14 01/09/14 0 

Salvia pratensis † Native Common Europe 1694 18/08/14 01/09/14 3 
Onagraceae        

Oenothera biennis † Alien Common Northern America 2591 11/08/14 01/09/14 0 

Epilobium parviflorum † Native Common 
Africa, Asia-Temperate, Asia-

Tropical, Europe 
2794 11/08/14 01/09/14 0 

Epilobium dodonaei † Native Rare Asia-Temperate, Europe 136 11/08/14 01/09/14 0 

Poaceae        

Lolium multiflorum † Alien Common 
Africa, Asia-Temperate, Asia-

Tropical, Europe 
2639 22/08/14 01/09/14 0 

Bromus squarrosus † Alien Rare 
Africa, Asia-Temperate, 

Europe 
59 22/08/14 01/09/14 0 

Lolium perenne * Native Common 
Africa, Asia-Temperate, Asia-

Tropical, Europe 
2891 22/08/14 01/09/14 0 

Bromus grossus † Native Rare Europe 155 22/08/14 01/09/14 0 
$ Based on information of https://npgsweb.ars-grin.gov/gringlobal/taxon/taxonomysimple.aspx and http://en.hortipedia.com/wiki/Main_Page  
+ Numbers of grid cells refers to the number of 12 × 11 km cells in Germany (total: 3000 cells) where each species has been recorded. 
† Seeds were acquired from the botanical garden at the University of Konstanz. 
‡ Seeds were collected from the field in Switzerland. 
× Seeds were acquired from Spicegarden URL (http://www.spicegarden.eu/). 
* Seeds were acquired from Rieger-Hofmann GmbH, Blaufelden-Raboldshausen, Germany.  
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Methods S2 Recipe for 400% strength Hoagland's Complete Nutrient Solution  

The preparation of Hoagland nutrient solution essentially followed recommendations by 

Hoagland and Arnon (1950), with the exception of the form in which iron was added (see 

below).  

We prepared the stock solutions 1-6 and micronutrient-stock solution given below, and used 

the amounts indicated to prepare 1 liter of nutrient solution:  

(1) 4 mL of 1.00 M/L KH2PO4 

(2) 20 mL of 1.00 M/L KNO3 use 20 mL  

(3) 20 mL of 1.00 M/L Ca(NO3)2 

(4) 8 mL of 1.00 M/L MgSO4 

(5) 4 ml of micronutrient stock solution (see recipe below) 

(6) 10 ml of 1000 mg/liter iron from iron chelate (Fe-EDTA, Fe-DTPA, or Fe-EDDHA)* 

Micronutrient-stock solution per liter: 

2.86 g H3BO3 

1.81 g MnCl2·4H2O 

0.22 g ZnSO4·7H2O 

0.08 g CuSO4·5H2O 

0.02 g H2MoO4·H2O (Assaying 85% MoO3)  

* Hoagland's recipe called for 1 ml of 0.5% iron tartrate stock per liter of nutrient solution but 

we used iron chelate instead.  

Reference: Hoagland, D.R. & Arnon, D.I. 1950. The water-culture method of growing plants 

without soil. California Agricultural Experiment Station, Circular 347.  
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Methods S3 Pilot experiment to determine nutrient concentrations to be used in main exper-

iment. 

To find a high nutrient concentration that increased plant growth but was still limiting, we 

randomly selected three plant species from the all species we planned to use in the main ex-

periment. We planted the plants in 2.5-L pots filled with a 1:1 mixture of sand and fine ver-

miculite, and applied five different nutrient treatments: 10, 20, 30, 40, 50 ml of 400% 

strength Hoagland solution per week. We replicated each treatment four times per species. To 

avoid introducing a potential bias because of different amounts of water supplied between the 

six treatments, we added extra water to the specific amount of the 400% strength Hoagland 

solution of each treatment, and made sure a total of 100 ml of nutrient solution was added to 

each pot at each application. We applied the different nutrient treatments to the plants every 

week for five weeks, and then harvested them. We dried the biomass at 80°C for 72 hours 

before weighing. We analysed the total biomass with linear mixed models using the lme 

function in the R package ‘nlme’ (Pinheiro et al., 2015)
1
 in R 3.1.3 (R Core Team, 2015)

2
. 

Nutrient treatment was used as a fixed factor and species was used as a random factor.  

The results showed that nutrient treatments significantly affected the biomass of plants (Log 

likelihood ratio test: χ
2
 = 35.14103, df = 4, P < 0.0001; Fig. MS2). The results of post-hoc 

pairwise comparisons showed that plants growing with 40 ml Hoagland solution per applica-

tion produced significantly more biomass than plant with 10 ml Hoagland solution per appli-

cation (nutrient 40 ml – 10 ml mean difference = 0.8155 ± 0.1710, P < 0.001), but less bio-

mass than plants with 50 ml nutrient treatment (nutrient 50 ml – 40 ml mean difference = 

0.3807 ± 0.1656, P < 0.05). In other words, the application of 40 ml 400% strength Hoagland 

solution per week was still limiting biomass production of the plants.  
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Fig. MS3 Modelled means of biomass across three plant species (Bidens radiata, Bromus 

grossus, Salvia aethiopis) growing under different nutrient conditions. Error bars represent 

SEs of the means. 

1
Pinheiro J, Bates D, DebRoy S, Sarkar D and R Core Team. 2015. nlme: Linear and Nonlin-

ear Mixed Effects Models. R package version 3.1-121, URL: http://CRAN.R-

project.org/package=nlme. 

2
R Core Team. 2015. R: A language and environment for statistical computing. R Foundation 

for Statistical Computing, Vienna, Austria. URL: http://www.R-project.org/.   
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Methods S4 Details of the models compared in likelihood-ratio tests to assess the significance of fixed effects (i.e. initial-size covariates, species 

origin, commonness, nutrient level [T0] and temporal patterns in nutrient supply [T1-T4]) and their interactions. All models included as random 

model species nested with family. To test the significance of a term of interest, the reference model was compared to a model from which the 

term of interest had been removed. R codes for this test are following the table.  

Term of interest Reference model 

Covariates  

Initial leaf area covariates 

Initial height covariates 

Main effects  

Origin (O) covariates + O + C + T0 
Commonness (C) covariates + O + C + T0 

Low vs High (T0) covariates + O + C + T0 

Constant vs Increase (T1) covariates + O + C + T0 + T1 + T2 + T3 + T4 
Constant vs Decrease (T2) covariates + O + C + T0 + T1 + T2 + T3 + T4 

Constant vs single (T3) covariates + O + C + T0 + T1 + T2 + T3 + T4 

Constant vs Multiple (T4) covariates + O + C + T0 + T1 + T2 + T3 + T4 

2-way interactions  

O×C covariates + O + C + T0 + T1 + T2 + T3 + T4 + O×C + O×T0 + C×T0 

O×T0 covariates + O + C + T0 + T1 + T2 + T3 + T4 + O×C + O×T0 + C×T0 
C×T0 covariates + O + C + T0 + T1 + T2 + T3 + T4 + O×C + O×T0 + C×T0 

O×T1 covariates + O + C + T0 + T1 + T2 + T3 + T4 + O×C + O×T0 + O×T1 + O×T2 + O×T3 + O×T4 + C×T0 + C×T1 + C×T2 + C×T3 + C×T4 

O×T2 covariates + O + C + T0 + T1 + T2 + T3 + T4 + O×C + O×T0 + O×T1 + O×T2 + O×T3 + O×T4 + C×T0 + C×T1 + C×T2 + C×T3 + C×T4 
O×T3 covariates + O + C + T0 + T1 + T2 + T3 + T4 + O×C + O×T0 + O×T1 + O×T2 + O×T3 + O×T4 + C×T0 + C×T1 + C×T2 + C×T3 + C×T4 

O×T4 covariates + O + C + T0 + T1 + T2 + T3 + T4 + O×C + O×T0 + O×T1 + O×T2 + O×T3 + O×T4 + C×T0 + C×T1 + C×T2 + C×T3 + C×T4 
C×T1 covariates + O + C + T0 + T1 + T2 + T3 + T4 + O×C + O×T0 + O×T1 + O×T2 + O×T3 + O×T4 + C×T0 + C×T1 + C×T2 + C×T3 + C×T4 

C×T2 covariates + O + C + T0 + T1 + T2 + T3 + T4 + O×C + O×T0 + O×T1 + O×T2 + O×T3 + O×T4 + C×T0 + C×T1 + C×T2 + C×T3 + C×T4 

C×T3 covariates + O + C + T0 + T1 + T2 + T3 + T4 + O×C + O×T0 + O×T1 + O×T2 + O×T3 + O×T4 + C×T0 + C×T1 + C×T2 + C×T3 + C×T4 
C×T4 covariates + O + C + T0 + T1 + T2 + T3 + T4 + O×C + O×T0 + O×T1 + O×T2 + O×T3 + O×T4 + C×T0 + C×T1 + C×T2 + C×T3 + C×T4 

3-way interactions  

O×C×T0 covariates + O + C + T0 + T1 + T2 + T3 + T4 + O×C + O×T0 + O×T1 + O×T2 + O×T3 + O×T4 + C×T0 + C×T1 + C×T2 + C×T3 + C×T4 + O×C×T0 

O×C×T1 
covariates + O + C + T0 + T1 + T2 + T3 + T4 + O×C + O×T0 + O×T1 + O×T2 + O×T3 + O×T4 + C×T0 + C×T1 + C×T2 + C×T3 + C×T4 + O×C×T0 + 

O×C×T1 + O×C×T2 + O×C×T3 + O×C×T4 

O×C×T2 
covariates + O + C + T0 + T1 + T2 + T3 + T4 + O×C + O×T0 + O×T1 + O×T2 + O×T3 + O×T4 + C×T0 + C×T1 + C×T2 + C×T3 + C×T4 + O×C×T0 + 
O×C×T1 + O×C×T2 + O×C×T3 + O×C×T4 

O×C×T3 
covariates + O + C + T0 + T1 + T2 + T3 + T4 + O×C + O×T0 + O×T1 + O×T2 + O×T3 + O×T4 + C×T0 + C×T1 + C×T2 + C×T3 + C×T4 + O×C×T0 + 

O×C×T1 + O×C×T2 + O×C×T3 + O×C×T4 

O×C×T4 
covariates + O + C + T0 + T1 + T2 + T3 + T4 + O×C + O×T0 + O×T1 + O×T2 + O×T3 + O×T4 + C×T0 + C×T1 + C×T2 + C×T3 + C×T4 + O×C×T0 + 

O×C×T1 + O×C×T2 + O×C×T3 + O×C×T4 

 



68 

 

R codes for likelihood-ratio tests in Methods S4 

#####add packages 

library(nlme) 

#####read data 

data<-read.table(file.choose(),header=T) 

#####subset data; Note: we only give the codes here for Total biomass analysis. For analysis of other response 

variables are similar with total biomass analysis 

Total<-subset(data,Total_biomass!="NA"&Initial_H!="NA"&Total_LA!="NA") 

#####Model fitted 

vf1<-varIdent(form=~1|Species)  #variance differs per species 

lme01 <- lme(sqrt(Total_biomass)~ 

               scale(log(Total_LA)) + scale(log(Initial_H)) + ##LA means leaf area, H mean height 

               origin+commonness+ 

               T0+T1+T2+T3+T4+ 

               origin:commonness+ 

               origin:T0+commonness:T0+ 

               origin:T1+commonness:T1+ 

               origin:T2+commonness:T2+ 

               origin:T3+commonness:T3+ 

               origin:T4+commonness:T4+ 

               origin:commonness:T0+ 

               origin:commonness:T1+ 

               origin:commonness:T2+ 

               origin:commonness:T3+ 

               origin:commonness:T4, 

            random=~Treatment|Family/Species,  #we added random slope in the model 

            #random=~1|Family/Species, #This is code for random intercept model 

            data=Total, method="REML",weights=vf1, 

            control=list(maxIter=1000,msMaxIter=1000,niterEM=1000,opt="optim")) 

summary(lme01) 

#####likelihood ratio test 

#####three interaction effects for nutrient variability 

lme01vf1 <- lme(sqrt(Total_biomass)~scale(log(Total_LA)) + scale(log(Initial_H)) +  

                  origin+commonness+ 

                  T0+T1+T2+T3+T4+ 

                  origin:commonness+ 

                  origin:T0+commonness:T0+ 

                  origin:T1+commonness:T1+ 

                  origin:T2+commonness:T2+ 

                  origin:T3+commonness:T3+ 

                  origin:T4+commonness:T4+ 

                  origin:commonness:T0+ 

                  origin:commonness:T1+ 

                  origin:commonness:T2+ 

                  origin:commonness:T3+ 

                  origin:commonness:T4, 

                random=~Treatment|Family/Species, 

                data=Total, method="ML",weights=vf1, #change the method to "ML" when do the test 

                control=list(maxIter=1000,msMaxIter=1000,niterEM=1000,opt="optim"))  

##-T4:origin:commonness 

OCT4<-update(lme01vf1 ,.~.-origin:commonness:T4) 

anova(lme01vf1,OCT4) 

##-T3:origin:commonness 

OCT3<-update(lme01vf1 ,.~.-origin:commonness:T3) 

anova(lme01vf1,OCT3) 

##-T2:origin:commonness 

OCT2<-update(lme01vf1 ,.~.-origin:commonness:T2) 

anova(lme01vf1,OCT2) 

## -T1:origin:commonness 
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OCT1<-update(lme01vf1 ,.~.-origin:commonness:T1) 

anova(lme01vf1,OCT1) 

#####two interaction effects for nutrient variability 

lme1COT2 <- lme(sqrt(Total_biomass)~scale(log(Total_LA)) + scale(log(Initial_H)) +  

                  origin+commonness+ 

                  T0+T1+T2+T3+T4+ 

                  origin:commonness+ 

                  origin:T0+commonness:T0+ 

                  origin:T1+commonness:T1+ 

                  origin:T2+commonness:T2+ 

                  origin:T3+commonness:T3+ 

                  origin:T4+commonness:T4, 

                random=~Treatment|Family/Species, 

                data=Total, method="ML",weights=vf1, 

                control=list(maxIter=1000,msMaxIter=1000,niterEM=1000,opt="optim"))  

## T4:commonness 

CT4<-update(lme1COT2,.~.-T4:commonness) 

anova(lme1COT2,CT4) 

## T4:origin 

OT4<-update(lme1COT2,.~.-origin:T4) 

anova(lme1COT2,OT4) 

## T3:commonness 

CT3<-update(lme1COT2,.~.-T3:commonness) 

anova(lme1COT2,CT3) 

## T3:origin 

OT3<-update(lme1COT2,.~.-origin:T3) 

anova(lme1COT2,OT3) 

## T2:commonness 

CT2<-update(lme1COT2,.~.-T2:commonness) 

anova(lme1COT2,CT2) 

## T2:origin 

OT2<-update(lme1COT2,.~.-origin:T2) 

anova(lme1COT2,OT2) 

## T1:commonness 

CT1<-update(lme1COT2,.~.-T1:commonness) 

anova(lme1COT2,CT1) 

## T1:origin 

OT1<-update(lme1COT2,.~.-origin:T1) 

anova(lme1COT2,OT1) 

#####effects for nutrient variability 

lme1T4 <- lme(sqrt(Total_biomass)~scale(log(Total_LA)) + scale(log(Initial_H)) +  

                origin+commonness+ 

                T0+T1+T2+T3+T4, 

              random=~Treatment|Family/Species, 

              data=Total, method="ML",weights=vf1, 

              control=list(maxIter=1000,msMaxIter=1000,niterEM=1000,opt="optim"))  

##T4 

T4<-update(lme1T4,.~.-T4) 

anova(lme1T4,T4) 

##T3 

T3<-update(lme1T4,.~.-T3) 

anova(lme1T4,T3) 

##T2 

T2<-update(lme1T4,.~.-T2) 

anova(lme1T4,T2) 

##T1 

T1<-update(lme1T4,.~.-T1) 

anova(lme1T4,T1) 

######three interaction effect for nutrient level 
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lme1OCT0 <- lme(sqrt(Total_biomass)~scale(log(Total_LA)) + scale(log(Initial_H)) +  

                  origin+commonness+ 

                  T0+T1+T2+T3+T4+ 

                  origin:commonness+ 

                  origin:T0+commonness:T0+ 

                  origin:T1+commonness:T1+ 

                  origin:T2+commonness:T2+ 

                  origin:T3+commonness:T3+ 

                  origin:T4+commonness:T4+ 

                  origin:commonness:T0, 

                random=~Treatment|Family/Species, 

                data=Total, method="ML",weights=vf1, 

                control=list(maxIter=1000,msMaxIter=1000,niterEM=1000,opt="optim"))   

##origin:commonness:T0 

OCT0<-update(lme1OCT0,.~.-origin:commonness:T0) 

anova(lme1OCT0,OCT0) 

######two interaction effect for nutrient level 

lme1CT0 <- lme(sqrt(Total_biomass)~scale(log(Total_LA)) + scale(log(Initial_H)) +  

                 origin+commonness+ 

                 T0+T1+T2+T3+T4+ 

                 origin:commonness+ 

                 origin:T0+commonness:T0, 

               random=~Treatment|Family/Species, 

               data=Total, method="ML",weights=vf1, 

               control=list(maxIter=1000,msMaxIter=1000,niterEM=1000,opt="optim"))  

##commonness:T0 

CT0<-update(lme1CT0,.~.-commonness:T0) 

anova(lme1CT0,CT0) 

##origin:T0 

OT0<-update(lme1CT0,.~.-origin:T0) 

anova(lme1CT0,OT0) 

##two interaction effect for origin and commonness 

## origin:commonness 

OC<-update(lme1CT0,.~.-origin:commonness) 

anova(lme1CT0,OC) 

#####effect for nutrient level 

lme1T0 <- lme(sqrt(Total_biomass)~scale(log(Total_LA)) + scale(log(Initial_H))+origin+commonness+T0, 

              random=~Treatment|Family/Species,data=Total, method="ML",weights=vf1, 

              control=list(maxIter=1000,msMaxIter=1000,niterEM=1000,opt="optim"))  

##T0 

T0<-update(lme1T0,.~.-T0) 

anova(lme1T0,T0) 

#####other fixed effects 

##commonness 

C<-update(lme1T0,.~.-commonness) 

anova(lme1T0,C) 

##Origin 

O<-update(lme1T0,.~.-origin) 

anova(lme1T0,O) 

#####effects for covariables 

lme1S <- lme(sqrt(Total_biomass)~scale(log(Total_LA)) + scale(log(Initial_H)), 

             random=~Treatment|Family/Species,data=Total, method="ML",weights=vf1, 

             control=list(maxIter=1000,msMaxIter=1000,niterEM=1000,opt="optim"))  

##Height 

Height<-update(lme1S,.~.-scale(log(Initial_H))) 

anova(lme1S,Height) 

##Leaf area 

LA<-update(lme1S,.~.-scale(log(Total_LA))) 

anova(lme1S,LA)
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Methods S5 Results of analyses testing adaptive plasticity of root mass fraction (RMF), root length (RL), root diameter (RD) and specific root 

length (SRL). We calculated plasticities for each of the five high-nutrirent treatments (constant high [H], gradual increase [I], gradual decrease 

[D], single pulse [S] and multiple pulses [M]; which were considered to be treatments) vs the constant low-nutrient treatment (L; which was used 

as the control). We did the same for each of the four fluctuating high-nutrient treatments (I, D, S and M; which were considered to be the 

treatments) vs the constant high-nutrient treatment (H; which was used as the control). The plasticity of each trait (Traitplasticity) was calculated as 

Traittreatment-Traitcontrol. We did the regressions of ln(Biomasstreatment/Biomasscontrol) on Traitcontrol and Traitplasticity using linear regression models. 

The following table shows the coefficients and their significances of each model. Significant coefficients for the plasticity effects are also plotted 

in the figures below. 

  Estimate t value 
P-

value 
 Estimate t value 

P-

value 
 Estimate t value 

P-

value 
 Estimate t value 

P-

value 

L 

vs 

H 

(Intercept) 1.038 4.498 <0.001 (Intercept) 0.951 7.179 <0.001 (Intercept) 0.906 2.826 0.009 (Intercept) 0.841 4.143 <0.001 

RMFcontrol -0.192 -0.292 0.773 RLcontrol <0.001 -0.536 0.596 RDcontrol 0.139 0.121 0.904 SRLcontrol <0.001 0.543 0.592 

RMFplasticity 0.377 0.266 0.793 RLplasticity <0.001 0.720 0.478 RDplasticity 2.426 0.691 0.496 SRLplasticity -0.001 -0.752 0.459 

                 L 

vs 

I 

(Intercept) 1.104 6.002 <0.001 (Intercept) 0.977 9.248 <0.001 (Intercept) 0.949 4.244 <0.001 (Intercept) 0.863 5.867 <0.001 

RMFcontrol -0.312 -0.579 0.567 RLcontrol <0.001 -1.009 0.322 RDcontrol -0.093 -0.119 0.906 SRLcontrol <0.001 0.334 0.741 

RMFplasticity 0.596 0.556 0.583 RLplasticity <0.001 0.894 0.380 RDplasticity 4.188 1.868 0.073 SRLplasticity -0.002 -2.721 0.012 

                 L 

vs 

D 

(Intercept) 0.929 4.784 <0.001 (Intercept) 0.947 8.614 <0.001 (Intercept) 1.159 4.594 <0.001 (Intercept) 0.809 4.634 <0.001 

RMFcontrol 0.275 0.533 0.599 RLcontrol <0.001 -1.029 0.313 RDcontrol -0.827 -0.959 0.347 SRLcontrol <0.001 0.703 0.488 

RMFplasticity 1.691 1.457 0.157 RLplasticity <0.001 1.711 0.099 RDplasticity 0.074 0.028 0.978 SRLplasticity -0.001 -0.716 0.481 

                 L 

vs 

S 

(Intercept) 0.939 5.122 <0.001 (Intercept) 0.862 8.724 <0.001 (Intercept) 1.012 4.981 <0.001 (Intercept) 0.680 4.455 <0.001 

RMFcontrol 0.199 0.336 0.740 RLcontrol <0.001 -1.359 0.186 RDcontrol -0.582 -0.815 0.422 SRLcontrol 0.001 1.416 0.169 

RMFplasticity 1.639 1.286 0.210 RLplasticity <0.001 2.276 0.031 RDplasticity 5.834 2.555 0.017 SRLplasticity -0.001 -1.641 0.113 

                 L 

vs 

M 

(Intercept) 0.980 4.329 <0.001 (Intercept) 0.988 9.037 <0.001 (Intercept) 1.007 3.352 0.002 (Intercept) 0.799 3.952 0.001 

RMFcontrol -0.386 -0.634 0.532 RLcontrol <0.001 -1.947 0.062 RDcontrol -0.422 -0.411 0.684 SRLcontrol <0.001 0.500 0.621 

RMFplasticity -0.962 -0.697 0.492 RLplasticity <0.001 1.033 0.311 RDplasticity 1.123 0.479 0.636 SRLplasticity <0.001 -0.444 0.661 

                 H 

vs 

I 

(Intercept) 0.059 0.585 0.564 (Intercept) 0.017 0.281 0.781 (Intercept) 0.015 0.081 0.936 (Intercept) -0.044 -0.392 0.698 

RMFcontrol -0.042 -0.123 0.903 RLcontrol <0.001 0.176 0.862 RDcontrol -0.082 -0.125 0.902 SRLcontrol <0.001 0.385 0.704 

RMFplasticity 2.263 2.649 0.014 RLplasticity <0.001 2.719 0.012 RDplasticity -0.285 -0.105 0.917 SRLplasticity <0.001 0.408 0.687 

                 H 

vs 

D 

(Intercept) -0.082 -0.580 0.567 (Intercept) 0.010 0.129 0.899 (Intercept) 0.145 0.663 0.513 (Intercept) 0.024 0.212 0.833 

RMFcontrol 0.193 0.423 0.676 RLcontrol <0.001 0.206 0.839 RDcontrol -0.586 -0.741 0.465 SRLcontrol <0.001 -0.809 0.426 

RMFplasticity 1.047 0.730 0.472 RLplasticity <0.001 2.591 0.016 RDplasticity 0.637 0.319 0.752 SRLplasticity -0.002 -3.324 0.003 

                 H 

vs 

S 

(Intercept) -0.242 -1.887 0.070 (Intercept) -0.115 -1.604 0.121 • (Intercept) 0.082 0.378 0.709 (Intercept) -0.145 -1.149 0.261 

RMFcontrol 0.678 1.594 0.123 RLcontrol <0.001 1.737 0.094 RDcontrol -0.562 -0.709 0.485 SRLcontrol <0.001 0.736 0.469 

RMFplasticity 2.998 2.698 0.012 RLplasticity <0.001 2.927 0.007 RDplasticity 1.688 0.749 0.461 SRLplasticity <0.001 -0.685 0.499 

                 H 

vs 

M 

(Intercept) -0.022 -0.173 0.864 (Intercept) 0.010 0.126 0.901 (Intercept) 0.119 0.611 0.546 (Intercept) -0.028 -0.228 0.822 

RMFcontrol 0.062 0.154 0.879 RLcontrol <0.001 0.306 0.762 RDcontrol -0.486 -0.703 0.489 SRLcontrol <0.001 0.151 0.881 

RMFplasticity 0.894 0.742 0.465 RLplasticity <0.001 1.302 0.204 RDplasticity 1.167 0.626 0.537 SRLplasticity -0.001 -0.819 0.42 
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Relationships between changes in plant biomass in response to high nutrient levels (left 

graphs) and in response to fluctuating nutrient levels (right graphs) and plastic changes in 

root mass fraction, root length, root diamter and specific root length.  
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Table S1 The standard deviation (SD) for random effects of the total biomass model, which 

included random slopes for family and species with respect to nutrient treatment (i.e. constant 

low, constant high, gradual increase, gradual decrease, single pulse and multiple pulses). 

Treatment 
Standard deviation (SD) 

Family Species within Family 

Intercept (i.e. Constant low)) 0.4019 0.5052 

Constant high 0.1474 0.6590 

Gradual increase 0.1236 0.4707 

Gradual decrease 0.0001 0.6551 

Single pulse 0.2412 0.5318 

Multiple pulses 0.2337 0.5419 
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Figure S1 

  

Figure S1 Modelled means of (a) total biomass and (b) root mass fraction, (c) root length, (d) 

root diameter, and (e) specific root length of the 7 rare alien, 7 common alien, 6 rare native 

and 9 common native plant species growing under six different patterns of nutrient supply. 

Error bars represent SEs of the means.  
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Figure S2 

 

Figure S2 Modelled means of (a) root mass fraction, (b) root diameter, and (c) specific root 

length of the 14 alien and 15 native plant species, irrespective of commonness, growing under 

low and high (averaged across the five patterns of resource supply) nutrient supply. Error 

bars represent SEs of the means. 
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Figure S3 

 

Figure S3 Modelled means of root diameter of the 14 alien and 15 native plant species, irre-

spective of commonness, growing under a constant high and a gradually changed nutrient 

supply. Error bars represent SEs of the means. 
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Figure S4 

 

Figure S4 Modelled means of (a) total biomass and (b) root mass fraction of the 14 alien and 

15 native plant species, irrespective of commonness, growing under a constant high and a 

single-pulse nutrient supply. Error bars represent SEs of the means. 
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Chapter 3 

 

Increases in nutrient availability and fluctuations do not promote domi-

nance of alien plants in native communities 

Yanjie Liu, Xiaoqi Zhang, Mark van Kleunen 

Submitted to Journal of Ecology 

 

  



79 

 

Summary 

1. The fluctuating-resource-availability hypothesis has become a key theory to explain plant 

invasion. It predicts that fluctuations in resource availability could promote plant invasion 

into native resident communities. The few clear-cut tests of this theory are limited to a few 

successful (i.e. invasive) alien plant species. However, it remains unknown how general this 

phenomenon is, and whether invasive and non-invasive alien species respond differently to 

resource fluctuations in a plant community. 

2. We grew ten invasive and ten non-invasive species as target species in pot-mesocosms 

with four different resident communities under six nutrient treatments differing in overall 

nutrient availability and temporal fluctuations in nutrient availability (constant low, constant 

high, gradual increasing, gradual decreasing, single large pulse, multiple smaller pulses). 

With the exception of plants in the constant low treatment, the plants were supplied the same 

total amount of nutrients during the experiment. We tested whether increases in nutrient 

availability and fluctuations increased performance of both invasive and non-invasive alien 

plants within resident communities of native species, and whether invasive ones benefitted 

more than non-invasive ones.  

3. We found that the increase in biomass in response to nutrient addition was stronger for 

invasive than for non-invasive alien species. However, as the native competitors benefited 

even more from nutrient addition, the relative biomass of the alien target plant species, par-

ticularly the non-invasive ones, decreased. When the nutrient supply gradually increased, 

biomass of alien target as well as native competitors decreased compared to the plants in the 

constant nutrient supply treatment. Surprisingly, when nutrients were supplied as a single 

large pulse, the absolute and relative biomass of the alien target plants decreased. The reduc-

tion in relative biomass was even stronger for invasive than for non-invasive alien species, 

and a similar pattern was found when nutrients were supplied as multiple smaller pulses. 

4. Synthesis Our results confirm previous findings that invasive alien species benefit more 

from nutrient addition than non-invasive alien species. However, in contrast to previous find-

ings, our results suggest that nutrient fluctuations do not promote, but even suppress biomass 

of alien plants relative to that of natives. This strongly suggests that it is not a general phe-

nomenon that environmental variability promotes plant invasion. 
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Key words: Biological invasions, environmental variability, exotic, global change, native 

community, non-native, plant-plant interactions  
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Introduction 

With the increase in globalization and trade, a large number of plant species have been intro-

duced to new regions where they are not native (Essl et al., 2011; Seebens et al., 2015; van 

Kleunen et al., 2015). Some of these introduced alien species have established self-sustaining 

populations in the wild, and some of these naturalized species successfully spread and now 

occupy large areas in the introduced range. Such invasive species can reduce native species 

biodiversity and change ecosystem functions (Vitousek et al., 1997; Ricciardi, 2007; Vilà et 

al., 2011), and might also have economic impacts (Pimentel et al., 2005). The number of nat-

uralized alien species is still increasing (Seebens et al., 2017), and invasions might further 

increase due to other global change drivers (Seebens et al., 2015; Haeuser et al., 2017; Liu et 

al., 2017). Therefore, two major questions in ecology are why some alien plant species be-

come invasive and others not, and how may the success of alien species be affected by other 

global change drivers (Funk & Vitousek, 2007; van Kleunen et al., 2010b; Dawson et al., 

2011; Dawson et al., 2012b; Jia et al., 2016; Haeuser et al., 2017; Liu et al., 2017).  

As a major component of global change, plant invasion is likely to interact with other envi-

ronmental changes (Dukes & Mooney, 1999; Bradley et al., 2010a). For example, a recent 

meta-analysis showed that invasive alien plants take more advantage of CO2 enrichment and 

climate warming than native species do (Liu et al., 2017). On the other hand, many alien 

plant species that do not pose an invasion risk under current environmental conditions, may 

become invasive under future conditions with ongoing global environmental change (Walther 

et al., 2009; Haeuser et al., 2017). Numerous empirical studies tested how invasive plants 

interact with other environmental changes, but almost all of these studies considered only 

environmental changes in mean conditions (Leishman & Thomson, 2005; Parepa et al., 2013; 

Manea & Leishman, 2015; Jia et al., 2016; Liu et al., 2017; Liu & van Kleunen, 2017). Envi-

ronmental change, however, does not only affect the mean conditions but also also environ-

mental variability (Stenseth et al., 2002; Smith, 2011). For example, while atmospheric nitro-

gen deposition (Galloway et al., 2008) and agricultural fertilizer spill-over (Didham et al., 

2015) have increased nutrient levels world wide, increasing fluctuations in weather and fire 

events, and changes in land-use management practices could also lead to changes in temporal 

nutrient variability (Davis & Pelsor, 2001; Certini, 2005; Matias et al., 2011). Consequently, 

an improved understanding of how plants interact with changes in the temporal variability of 

resources can help to predict plant invasions.  
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A major theory explaining interactions between plant invasion and environmental change is 

the fluctuating-resource-availability hypothesis (Davis et al., 2000). It predicts that habitats 

with a high variability in resource availability will generally be more easily invaded by alien 

plants than more constant habitats. Indeed, the few experimental studies that tested this hy-

pothesis found support for it (Davis & Pelsor, 2001; Parepa et al., 2013; Liu & van Kleunen, 

2017). For example, Parepa et al., (2013) grew the invasive plant Japanese knotweed (Fallo-

pia spp.) in a mesocosm with a native plant community under one low nutrient treatment and 

four high-nutrient treatments that differed in variability. In this clear-cut experiment, they 

found evidence that increased variability in nutrient supply can strongly promote the invasion 

success of Japanese knotweed. However, as only one invasive alien species and only one na-

tive community were considered in their study, it remains to be seen how general this phe-

nomenon is. In order to draw more general conclusions, multispecies experiments are needed 

(van Kleunen et al., 2014). Recently, Liu & van Kleunen, (2017) did a multispecies experi-

ment to test biomass responses of rare and common alien and native plants to nutrient availa-

bility and fluctuations therein, and found that alien plants, in contrast to native plants, bene-

fited from a large nutrient pulse. However, in that study, all plants were grown individually, 

and it therefore remains to be tested whether this pattern holds under competition. 

To explicitly test the fluctuating-resource-availability hypothesis in the context of plant com-

petition, we did a multispecies experiment. We grew ten pairs of a taxonomically related in-

vasive and non-invasive alien species (i.e. 20 species in total) as target species in the center of 

mesocosm pots with communities of native grassland species. To assess whether the respons-

es of the alien target species depends on the composition of the native communities, we used 

a total of 12 native grassland species to create four different communities of three species. 

Each of the 20 alien target species was grown in mesocosm pots with each of these four na-

tive communities, and exposed to six nutrient-supply treatments differing in the mean and 

temporal supply of nutrients (i.e. constant low, constant high, gradual increase, gradual de-

crease, a large single pulse and multiple small pulses). By comparing the absolute above-

ground biomass production of the alien target species as well as their biomass production 

relative to the biomass production of the native competitors in the different treatments, we 

addressed the following specific questions: (i) Does an increase in mean nutrient availability 

promote absolute and relative biomass of both invasive and non-invasive alien plants? (ii) 

Does variability in nutrient supply promote absolute and relative biomass of both invasive 
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and non-invasive alien plants? (iii) Do invasive alien plants take more advantage than non-

invasive alien plant of increases in mean nutrient availability and fluctuations therein? 

Materials and Methods 

Studied plant species

 

Figure 1 Graphical illustration of the experimental design (species, nutrient treatments and 

replicates) and data-analysis design for the effects of the six nutrient treatments (i.e. coded as 

dummy variables to create specific contrasts for comparing treatment levels). Each bar in the 

box of nutrient treatment represents the amount of nutrient solution supplied each week dur-

ing the 10 weeks of the experiment. The five high-nutrient level treatments (constant high, 

gradual increase, gradual decrease, single pulse and multiple pulses) received the same total 

amount of nutrients during the 10 weeks, which was eight times higher than in the constant 

low-nutrient treatment. In the data-analysis design, dummy variables coding for the scenarios 

of nutrient supply were used to test the effects of the mean level of nutrient supply (constant 

low treatment vs. the average across the five high treatments; T0), and the effects of different 

temporal patterns of high nutrient supply vs. the constant high supply (T1-T4). For the latter, 

each contrast of interest was made by fitting the corresponding dummy variable after all other 

dummy variables (for details on model comparisons, see Liu & van Kleunen 2017). The two 

boxes around each dummy coding indicate the contrasts of interest. 

To investigate differences in plant responses to mean nutrient availability and temporal fluc-

tuations therein between invasive and non-invasive alien plants in the presence of native 

competitors, we chose 20 alien species (i.e. target species) and 12 native plant species (i.e. 

competitors; Table S1) from the herbaceous flora of Germany based on information in the 
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BiolFlor database (http://www2.ufz.de/biolflor/index.jsp). The 20 target species were chosen 

from nine families in such a way that they constituted ten taxonomically related pairs of an 

invasive (i.e. widespread) and a non-invasive (i.e. less widespread) alien plant. In other words, 

we avoided that all invasive alien species belong to one taxonomic group and all non-invasive 

alien species belong to another taxonomic group (Felsenstein, 1985). We assigned the alien 

species to the categories “invasive” and “non-invasive” based on the number of 130-km
2
 grid 

cells occupied by the species in Germany (maximum 3000) extracted from the FloraWeb data 

base (http://www.floraweb.de/). All invasive alien species occurred in more than 900 grid 

cells (median = 1925), and all non-invasive species occurred in fewer than 700 grid cells 

(median = 81; Table S1). Within each pair of species, the invasive species always occurred in 

at least four times more grid cells than the non-invasive species. All 12 native species, which 

included four forbs and eight grasses, occur frequently in German grasslands (Table S1). All 

seed materials were obtained from commercial seeds companies or the seed collection of the 

Botanical Garden of the University Konstanz (Table S1). 

Experimental set-up 

We conducted the multi-species experiment in a greenhouse of the Botanical Garden of the 

University of Konstanz, Germany (N: 47°69’19.56”, E: 9°17’78.42”). From 4 to 19 October 

2016, we sowed the seeds of each species separately into trays (12 × 12 × 4·5 cm) filled with 

potting soil (Topferde®, Einheitserde Co., Sinntal-Altengronau, Germany; pH 5.8; 2.0 g L
−1

 

KCl; 340 mg L
−1

 N; 380 mg L
−1

 P2O6; 420 mg L
−1

 K2O; 200 mg L
−1

 S; 700 mg L
−1

 Mg). As 

species were known, from a previous pilot experiment, to geminate at different times, we 

sowed them on different dates (Table S1) to ensure that the seedlings were in a similar devel-

opmental stage at the start of the experiment. On 25 October 2016, we selected similarly 

sized seedlings of each of the 32 species and transplanted them into 2.5-L circular plastic pots 

filled with a 1: 1 mixture of sand and fine vermiculite. In order to create four different native 

grassland communities, we randomly assigned the 12 native species into four different groups 

of three species (Table S1). We first transplanted two seedlings of each native-community 

member so that each pot included six individuals of native species growing at equal distance 

in a circle (diameter = 10 cm) around the center of the pot. The two individuals of the same 

species were planted at opposite to each other (Fig. 1). In total, we had 480 pots, with 120 

pots for each of the four native communities. After planting the native competitors, we trans-

planted one seedling of an alien target species in the center of each pot. For each of the 20 
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target species, we transplanted a total of 24 seedlings, which were equally divided over the 

four different native communities (i.e. six pots per native community). All pots were random-

ly assigned to positions on four greenhouse benches, and were re-randomized again after five 

weeks. To avoid leakage of water and nutrient solution, we put a plastic dish under each pot. 

The temperatures of the greenhouse were set to remain between 22 and 28°C, and additional 

lighting was provided to extend the daily light period to 16 h.   

One week after transplanting the seedlings, we started to apply the different nutrient treat-

ments at weekly intervals for a total of 10 weeks. As this study was built on a previous exper-

iment testing the responses of rare and common aliens and natives to nutrient variability and 

fluctuations (Liu & van Kleunen, 2017), we used the same nutrient treatments as in that study. 

In short, to test the effects of different overall nutrient supply and different temporal patterns 

of nutrient supply on invasive and non-invasive alien plants in the presence of native compet-

itors, we created six nutrient-supply patterns (Fig. 1): (i) constant low, (ii) constant high, (iii) 

gradual increase, (iv) gradual decrease, (v) single large pulse and (vi) multiple pulses of dif-

ferent magnitudes. Treatment (i) was the low nutrient treatment, which received in total 50ml 

of a 400%-strength Hoagland solution. Treatments (ii) to (vi) all received in total 400ml of a 

400%-strength Hoagland solution during the whole experiment, but differed in the temporal 

pattern of nutrient supply. There were four replicates per alien target species for each of the 

six nutrient treatments (one replicate per native community). During the experiment, we 

checked all pots every day to ensure that water did not limit plant growth. We watered the 

plants when necessary by pouring equal amounts of water in the dish under each pot. 

Harvest and Measurements 

To be able to account for variation in initial size of alien target plants in the analyses, we 

counted leaf number (except cotyledons), and measured the length and width of the largest 

leaf and the height of each alien target plant at the beginning of the experiment, immediately 

after transplanting. We calculated an estimate of initial leaf area per plant by multiplying the 

number of leaves and the length and width of the largest leaf. On 11 January 2017, 11 weeks 

after transplanting, we began to harvest the aboveground biomass for all pots one native 

community after the other. For each pot, we first harvested the alien target species, and then 

harvested the three native competitor species. As 23 target plants died during the experiment, 

we only harvested 457 pots instead of 480 pots at the end of the experiment (Table S1). All 
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biomass samples were dried at 70°C for 72 h and then weighed. We calculated total above-

ground biomass per pot by summing the biomass of the alien target species and the three na-

tive competitors. We also calculated the biomass proportion of the alien target species in each 

pot by dividing the biomass of the alien target species by the total biomass. 

Data Analysis 

To test the effects of target-plant status (invasive vs non-invasive alien) and nutrient treat-

ments on aboveground biomass production of the alien target species, biomass proportion of 

the alien target species in each pot and total biomass per pot, we fitted linear mixed-effects 

models using the function lme in the R package nlme (Pinheiro et al., 2016) in R 3.3.2 (R 

core Team, 2016). To meet the assumption of normality, biomass of the alien target species 

and total biomass per pot were natural-log transformed, and biomass proportion of alien tar-

get species in each pot was square-root transformed. We included alien target-plant status 

(invasive vs non-invasive), average nutrient level (low vs high), the different nutrient varia-

bility treatments nested within the high nutrient level treatment (constant high vs each of the 

non-constant scenarios), and their interactions as fixed factors. To test the effects of the dif-

ferent nutrient treatments (i.e. nutrient levels [low vs high], nutrient variability [constant high 

vs each of the four non-constant scenarios]), we created contrasts by coding the nutrient 

treatments as dummy variables (Schielzeth, 2010) T0 to T4 (Fig. 1) in all models. Because 

initial plant size variation might contribute to differences in final biomass of the target spe-

cies, we included initial leaf area and initial plant height as scaled natural-log-transformed 

covariates in the analysis of biomass production of the alien target species and biomass pro-

portion of alien target species in each pot. We included identity of the target species nested in 

family and native community as random factors in all models. As the homoscedasticity as-

sumption was violated in all models, we also included variance structures to model different 

variances per species using the ‘varIdent’ function in the R package nlme (Pinheiro et al., 

2016; see also Zuur et al., 2009). We used log-likelihood ratio tests to assess significance of 

the fixed effects target-plant status, nutrient treatments (i.e. dummy variables T0 to T4) and 

their interactions (Zuur et al., 2009; also see Liu & van Kleunen, 2017). The log-likelihood 

ratio tests for fixed terms were based on comparisons of maximum likelihood (ML) models 

with and without the terms of interest, and the variance components were estimated using the 

restricted maximum likelihood method (REML) of the full model (Zuur et al., 2009). 
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Results 

Averaged across all six nutrient treatments, invasive and non-invasive alien species did not 

differ significantly in aboveground biomass production and biomass proportion in each pot 

(Table 1; Fig. 2). The total biomass per pot was also not affected by status of the alien target 

species (Table1; Fig. 2). 

Biomass responses to an overall increase in nutrient availability 

Averaged across all 20 alien target species, an increase in the mean nutrient supply (averaged 

over the different temporal nutrient-supply patterns) significantly increased the aboveground 

biomass production of alien target species (+131.4%; Table 1; Fig. 2). This increase in bio-

mass production was stronger for invasive alien species (+179.6%) than for non-invasive 

alien species (+86.6%; significant S×T0 interaction in Table 2; Fig. 2). However, as the total 

aboveground biomass production of each pot also increased in response to the mean nutrient 

supply (+144.0%; Table 1; Fig. 2), the biomass proportion of the alien target species in each 

pot decreased (-10.0%; Table 1; Fig. 2). This effect was caused by the non-invasive alien 

species only, as the biomass proportion strongly decreased for non-invasive alien species (-

19.9%) and not for invasive alien species (+0.4%; significant S×T0 interaction in Table 2; 

Fig. 2). The increase in total biomass production per pot in response to an increase in the 

mean nutrient supply was not significantly affected by status of the alien target plants (Table1; 

Fig. 2). 

Biomass responses to temporal variability in nutrient supply 

In the high mean nutrient-supply treatments, when nutrients were gradually increased over 

time, biomass production of alien target species and total biomass per pot significantly de-

creased by 22.3% and 13.1%, respectively, than when nutrients were supplied at a constant 

rate (significant T1 effects in Table1; Fig. 2). There were, however, no significant main ef-

fects for any of the measured traits when nutrients were gradually increased over time instead 

of supplied at a constant rate (Table1). There were also no significant interaction effects be-

tween plant status and any types of gradual change in nutrient supply over time (Table 1). 

When nutrients were supplied as a single large pulse in middle of the 10-week growth period 

instead of at a constant high rate, biomass production of alien target species significantly de-
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creased (-30.1%; significant T3 in Table 1; Fig. 2). The total biomass per pot, however, was 

not affected by whether the nutrients were supplied as a single large pulse or at a constant 

high rate (Table 1; Fig. 2). Therefore, the biomass proportion of alien target species in each 

pot significantly decreased (-19.8%) when nutrients were supplied as a single large pulse in-

stead of at a constant high rate (significant T3 in Table 1; Fig. 2). This decrease in biomass 

proportion was much stronger for invasive alien species (-27.9%) than for non-invasive alien 

species (-8.6%; significant S×T3 interaction in Table 2; Fig. 3). On the other hand, there were 

no significant main effects for any of the measured traits when nutrients were supplied as 

multiple smaller pulses instead of at a constant high rate (Table 1). However, when nutrients 

were supplied as multiple smaller pulses instead of at a constant high rate, the biomass pro-

portion in each pot increased for non-invasive alien species (+6.7%), whereas the reverse was 

the case for invasive alien species (-18.8%; significant S×T4 interaction in Table 1, Fig. 2). 
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Table 1 Results of linear mixed effects models testing the effects of species status, changes in mean nutrient availability (T0) and temporal pat-

terns of variability in nutrient availability (T1-T4), and all interactions thereof, on aboveground biomass and biomass proportion of alien target 

plants and total aboveground biomass per pot. The nutrient-treatment contrasts T0-T4 are explained in Fig. 1. We also provide the estimates of 

the standard deviations for the random effects, and the marginal and conditional R
2
 values. 

 Biomass of alien target plants 
Biomass proportion of alien 

target plant 
Total biomass per pot 

Fixed effects df χ2 P df χ2 P df χ2 P 

Initial leaf area 1 33.484 <0.0001 1 35.297 <0.0001 - - - 

Initial height 1 21.225 <0.0001 1 11.853 0.0006 - - - 

Status (S) 1 0.246 0.6196 1 0.121 0.7277 1 0.495 0.4819 

Low vs High (T0) 1 86.163 <0.0001 1 12.003 0.0005 1 478.583 <0.0001 
Constant high vs Gradual increase (T1) 1 10.533 0.0012 1 0.652 0.4195 1 13.890 0.0002 

Constant high vs Gradual decrease (T2) 1 0.031 0.8597 1 0.104 0.7475 1 2.267 0.1322 

Constant high vs Single pulse (T3) 1 12.167 0.0005 1 6.521 0.0107 1 1.210 0.2714 

Constant high vs Multiple pulses (T4) 1 0.789 0.3745 1 0.089 0.7651 1 0.069 0.7934 

S × T0 1 7.620 0.0058 1 4.894 0.0269 1 0.009 0.9240 

S × T1 1 0.411 0.5217 1 0.772 0.3795 1 0.777 0.3781 

S × T2 1 0.089 0.7659 1 1.847 0.1742 1 0.015 0.9037 

S × T3 1 1.282 0.2575 1 4.647 0.0311 1 0.699 0.4030 

S × T4 1 1.510 0.2191 1 5.760 0.0164 1 0.049 0.8244 

Random effects SD SD SD 

Native community 0.1078 0.0155 0.0757 

Family 0.0039 <0.0001 <0.0001 

Species 1.2187 0.1663 0.0951 

Residual 0.5083 0.1324 0.3771 

R
2
 of the model 

Marginal R
2
 Conditional R

2
 Marginal R

2
 Conditional R

2
 Marginal R

2
 Conditional R

2
 

0.2862 0.8949 0.1027 0.6537 0.4302 0.4838 
Note: significant effects (p < 0.05) are in bold. 
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Discussion 

It is has been suggested that invasive alien plant species might take more advantage of in-

creased nutrient availability than non-invasive alien species (Richards et al., 2006; Dawson et 

al., 2012a; Dawson et al., 2012b). Our multispecies experiment corroborates this, as we 

found that the invasive alien plant species in our study benefited more of an increase in mean 

nutrient level than non-invasive alien plant species did. However, we also found that alien 

target plant species, particularly the non-invasive ones, benefitted proportionally less of the 

additional nutrients than the native competitors. The fluctuating-resource-availability hypoth-

esis predicts that increased variability in resource availability could also promote plant inva-

sion into native resident communities (Davis et al., 2000). The results of our experiment, 

however, do not support this. Surprisingly, we even found that the alien target species, and 

particularly the invasive ones, decreased in biomass relative to the resident native competitors.  

Biomass responses to an overall increase in nutrient availability 

Comparison of traits between invasive and non-invasive alien species could provide insights 

into why some alien species become invasive and others fail to do so (van Kleunen et al., 

2010a). Our study showed strong evidence that the difference between invasive and non-

invasive species in response to an increase in the mean nutrient supply might be one of the 

mechanisms behind invasiveness of alien species. Richards et al., (2006) described different 

scenarios of how environmental responses (phenotypic plasticity) might differ between inva-

sive and non-invasive species. Our results support their Master-of-some scenario, in which 

the successful invader takes more advantage of favorable environments than less successful 

species. Our results are also in line with the findings of Dawson et al., (2012a) and Dawson et 

al., (2012b). Surprisingly, however, the results contrast with the ones of our previous study 

Liu & van Kleunen, (2017), in which the biomass response to an increase in the mean nutri-

ent level did not differ between invasive and non-invasive alien species. A potential reason 

for the discrepancy could be that Liu & van Kleunen, (2017) used a partly different set of 

alien species. To test this, we re-analysed the data of the two studies for the subsets of species 

that were shared between them (five invasive and six non-invasive species; Table S2 and Fig. 

S1). Although both studies showed the pattern that invasive alien species responded more 

strongly to nutrient addition than non-invasive alien species (Fig. S2), this interaction effect 

was only significant in the current study (Table S2). Therefore, a more likely explanation for 
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the inconsistency between the two studies might be that in the current study invasive and 

non-invasive alien species were grown with native competitors, whereas Liu & van Kleunen, 

(2017) grew them without competitors (Callaway et al., 2003). 

An increase in resource availability may promote plant invasion, because invasive alien spe-

cies may be better at capitalizing on an increased availability of a limiting resource than spe-

cies in the native communities (Leishman & Thomson, 2005; Funk, 2008). Assessing the 

change in proportional biomass of an alien species in a native community may thus provide 

insight into whether the alien species might outcompete the native species or vice versa when 

the environment changes (van Kleunen et al., 2010a; Parepa et al., 2013). We found that in 

response to increased nutrient availability, the total biomass per pot increased more strongly 

than the biomass of the alien target plants. This indicates that the native competitors benefit 

even more from nutrient addition than the alien species did. This was also reflected in the 

decrease in biomass proportion of the alien target species in response to nutrient addition. 

This effect was, however, fully accounted for by the decrease in biomass proportion of the 

non-invasive alien species, as the proportional biomass of the invasive alien species did not 

change in response to nutrient addition. Our findings therefore show that invasive alien plant 

species are not necessarily competitively superior to native plant species, but that non-

invasive alien species are. 

The lack of evidence for a superior competitive ability of invasive species over native species 

after nutrient addition could reflect that the native species in our resident communities are 

also widespread (i.e. successful) in Germany. Indeed, Dawson et al., (2012a) found that 

common native species capitalized more on nutrient addition than rare native species, and 

Godoy et al., (2011) found that invasive alien plant species in Spain showed similar respons-

es to nutrient addition as widespread native species. Similarly, a previous meta-analysis re-

vealed that invasive alien plants exhibited a higher performance than native plants overall, 

but that there was no significant difference between them when the analysis was limited to 

those native species known to be invasive elsewhere (i.e. which are also successful; van 

Kleunen et al., 2010b). So, although invasive alien and common native species might both be 

Master-of-some species (Richards et al., 2006) resulting in a competitive balance, we found 

evidence that non-invasive alien species are weak competitors in favourable environments. 
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Figure 2 Modeled means of aboveground biomass production (a) and biomass proportion (b) 

averaged across the ten invasive and the ten non-invasive alien target species, and total bio-

mass per pot (c) in the six nutrient treatments. Error bars represent standard errors. 

Biomass responses to temporal variability in nutrient supply 

Very few studies have assessed how the response of plants to nutrient addition depends on 

the temporal pattern of nutrient supply (Dener et al., 2016; Liu & van Kleunen, 2017). We 
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found that the biomass of the alien target plants and the total biomass per pot (also including 

the native competitors) were lower when the nutrient supply gradually increased than when 

the nutrient supply was kept constant. This is in line with the findings of Liu & van Kleunen, 

(2017), and most likely reflects that in the gradual-increase scenario the nutrient availability 

was insufficient at the early growth stage. However, our results contrast with the finding of 

Parepa et al., (2013), who found that biomass productions of their community did not differ 

between the scenario where plants grew under gradual increase in nutrient supply and a sce-

nario of constant nutrient supply. A possible explanation for this discrepancy is that the ex-

periment of Parepa et al., (2013) lasted longer than our experiment, and that plant in the 

gradual-increase treatment of their study thus had more time to compensate for the initial 

nutrient limitation. In line with the findings of Liu & van Kleunen (2017), we also found no 

difference in plant performance between when plants grew under gradually decreased nutri-

ent supply and when they grew under constant nutrient supply. Possibly, nutrient availability 

might have decreased to a lesser extent than the nutrient supply because of storage of nutri-

ents in the substrate and/or plant.  

The fluctuating-resource-availability hypothesis has become a key theory to explain plant 

invasion, and seems to find general support (Davis et al., 2000; Davis & Pelsor, 2001; Parepa 

et al., 2013; Tognetti & Chaneton, 2015). However, the results of our multispecies experi-

ment showed that in response to a single large nutrient pulse and in response to multiple 

small nutrient pulses, the biomass proportion of alien plant species decreased. This was par-

ticularly the case for the invasive alien species, and non-invasive alien species even slightly 

benefited from the multiple small nutrient pulses. This means that our findings do not support 

the fluctuation-resource-availability hypothesis. On the contrary, it indicates that nutrient 

pulses may inhibit performance of invasive alien species relative to the performance of the 

native community. 

Both the invasive alien target species and the native competitor species in our study are 

common species in Germany, and may strongly capitalize on an increase in the mean nutrient 

availability (Dawson et al., 2012b). The non-invasive alien species, on the other hand, are 

likely to possess a resource-conservation strategy (Richards et al., 2006; Dawson et al., 

2012a). Possibly, such a strategy provided them with an advantage during the low-nutrient 

supply periods in between the nutrient pulses. Consequently, the proportional biomass of 

non-invasive alien species may have been less affected by nutrient pulses than the invasive 
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ones. Our finding, however, contrasts with the finding by Parepa et al., (2013) that the bio-

mass proportion of invasive Japanese knotweed (Fallopia spp.) in mesocosms with a native 

community increased two- to four-fold when plants received a single large nutrient pulse or 

multiple small nutrient pulses instead of a constant nutrient supply. Fallopia spp. can be high-

ly dominant, and while our species are all widespread in Germany not all of them may form 

dominant stands. Possibly, only alien plant species with a superior capacity to acquire nutri-

ents can outcompete others and thus become dominant species (Gioria & Osborne, 2014). 

Our findings are contradict the findings of our previous study (Liu & van Kleunen, 2017), in 

which we found that alien species, and not native species, benefited from a large nutrient 

pulse when plants were grown without competition. Whatever the exact reason for the dis-

crepancy, our results highlight that responses to nutrient-supply patterns for single plants 

might not be representative for plants grown under competition.  

Conclusions 

Our results contribute to the growing amount of evidence that alien species able to strongly 

capitalize on an increase in the mean resource availability are likely to become widespread 

and invasive. However, although invasive alien species in our study capitalized more on addi-

tional nutrients than the non-invasive alien species, it did not give them an advantage over the 

native competitors. Most likely this reflects that the native competitors in our study are also 

widespread and thus successful because of their ability to capitalize on additional nutrients. 

This could imply that native communities consisting of rare native species might be much 

more vulnerable to invasion by alien species when nutrient availability increases. To test this, 

future studies should consider also using communities of rare native species.  

Surprisingly, we found that temporal fluctuations in nutrient supply did not promote, but even 

suppressed plant invasion. In this study, we defined invasiveness based on how widespread 

the alien species are. Future studies, however, should test whether other dimensions of inva-

siveness, in particular local dominance of species (Catford et al., 2017) is related to competi-

tive ability under high nutrient variability, and whether the success of alien and native species 

is linked to differences in nutrient uptake rate. Furthermore, to gain more insights in how 

plants respond to nutrient fluctuations, and how this changes the competitive balance between 

species, multiple samplings during the course of the experiment are needed. In conclusions, 

although our study shows that the ability to capitalize on an increase in nutrients is related to 
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invasiveness of alien species, it also shows that it is not a general phenomenon that environ-

mental variability promotes plant invasion.  
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 Supporting information 

Table S1 Detailed information on the 20 alien target species and 12 native competitor species used in this study.
 

Species Family Status Number of grid cells $ Sowing date Transplanting date Mortality * 

Alien target species       
Bidens connata + Asteraceae Non-invasive alien 437 11.10.2016 25.10.2016 2 

Bidens frondosa + Asteraceae Invasive alien 1766 11.10.2016 25.10.2016 0 

Solidago graminifolia + Asteraceae Non-invasive alien 43 04.10.2016 25.10.2016 0 
Solidago canadensis + Asteraceae Invasive alien 2660 04.10.2016 25.10.2016 0 

Lepidium heterophyllum + Brassicaceae Non-invasive alien 98 11.10.2016 25.10.2016 0 

Diplotaxis tenuifolia + Brassicaceae Invasive alien 1168 11.10.2016 25.10.2016 0 
Silene gallica † Caryophyllaceae Non-invasive alien 155 11.10.2016 25.10.2016 0 

Cerastium tomentosum † Caryophyllaceae Invasive alien 1296 11.10.2016 25.10.2016 0 

Lupinus albus + Fabaceae Non-invasive alien 86 19.10.2016 25.10.2016 1 
Lupinus polyphyllus + Fabaceae Invasive alien 2437 17.10.2016 25.10.2016 0 

Bromus squarrosus + Poaceae Non-invasive alien 59 17.10.2016 25.10.2016 0 

Lolium multiflorum + Poaceae Invasive alien 2639 17.10.2016 25.10.2016 0 
Amaranthus graecizans + Amaranthaceae Non-invasive alien 76 11.10.2016 25.10.2016 1 

Amaranthus retroflexus † Amaranthaceae Invasive alien 2084 11.10.2016 25.10.2016 5 

Veronica peregrina + Plantaginaceae Non-invasive alien 654 11.10.2016 25.10.2016 1 
Veronica persica + Plantaginaceae Invasive alien 2863 11.10.2016 25.10.2016 0 

Salvia aethiopis + Lamiaceae Non-invasive alien 22 11.10.2016 25.10.2016 0 

Salvia verticillata ‡ Lamiaceae Invasive alien 977 11.10.2016 25.10.2016 0 
Sedum ochroleucum + Crassulaceae Non-invasive alien 7 11.10.2016 25.10.2016 1 

Sedum spurium + Crassulaceae Invasive alien 1625 11.10.2016 25.10.2016 12 

Native competitor species       
Alopecurus pratensis ‡, 1 Poaceae Native 2965 17.10.2016 25.10.2016 - 

Anthoxanthum odoratum ‡, 2 Poaceae Native 2396 17.10.2016 25.10.2016 - 

Bromus hordeaceus ‡, 4 Poaceae Native 2928 17.10.2016 25.10.2016 - 
Cynosurus cristatus ‡, 4 Poaceae Native 2710 17.10.2016 25.10.2016 - 

Dactylis glomerata ‡, 2 Poaceae Native 2655 17.10.2016 25.10.2016 - 

Festuca guestfalica ‡, 4 Poaceae Native 685 17.10.2016 25.10.2016 - 
Galium album ‡, 1 Rubiaceae Native 1922 11.10.2016 25.10.2016 - 

Leucanthemum ircutianum ‡, 2 Asteraceae Native 1334 11.10.2016 25.10.2016 - 

Lolium perenne ‡, 3 Poaceae Native 2891 17.10.2016 25.10.2016 - 
Plantago lanceolata ‡, 3 Plantaginaceae Native 2986 11.10.2016 25.10.2016 - 

Poa pratensis ‡, 1 Poaceae Native 2876 17.10.2016 25.10.2016 - 

Prunella vulgaris ‡, 3 Lamiaceae Native 2974 11.10.2016 25.10.2016 - 
$ Numbers of grid cells refers to the number of 12 × 11 km cells in Germany (total: 3000 cells) where each species has been recorded. 
*Number of plants that died during the experiment. 
+Seeds were obtained from the Botanical Garden of the University of Konstanz, Germany. 
†Seeds were obtained from B and T World Seeds, Sarl, France. 
‡Seeds were obtained from Rieger-Hofmann GmbH, Germany. 
1,2,3,4 Allocation of native species to the four native communities; each group included three different native species. 
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Table S2 Results of linear mixed effects models testing the effects of species status, the 

change in mean nutrient availability (T0) and temporal patterns of variability in nutrient 

availability (T1-T4), and all interactions thereof, on aboveground biomass of alien target 

plants grown without competition in the previous study by Liu & van Kleunen (2017), and 

with competition in the present study. Both analyses include only the five invasive and six 

non-invasive alien target species that were used in both studies. To meet the assumption of 

normality, biomass of the alien target plants were natural-log transformed in both studies. 

The nutrient-treatment contrasts T0-T4 are explained in Fig. 1. We also provide the estimates 

of the standard deviations for the random effects, and the marginal and conditional R
2
 values. 

 
Target aboveground biomass 

in Liu & van Kleunen (2017) 

Target aboveground bio-

mass in our present study 

Fixed effects df χ2 P df χ2 P 

Initial leaf area 1 0.574 0.4485 1 13.504 0.0002 

Initial height 1 0.688 0.4068 1 12.549 0.0004 

Status (S) 1 0.034 0.8534 1 1.299 0.2544 

Low vs High (T0) 1 230.930 <0.0001 1 61.471 <0.0001 

Constant high vs Gradual increase (T1) 1 0.395 0.5296 1 4.677 0.0306 

Constant high vs Gradual decrease (T2) 1 0.883 0.3472 1 0.010 0.9222 

Constant high vs Single pulse (T3) 1 0.042 0.8380 1 5.381 0.0204 

Constant high vs Multiple pulses (T4) 1 0.177 0.6743 1 0.964 0.3261 

S × T0 1 0.224 0.6363 1 7.588 0.0059 

S × T1 1 0.943 0.3315 1 0.033 0.8563 

S × T2 1 0.317 0.5732 1 0.687 0.4071 

S × T3 1 0.508 0.4759 1 1.731 0.1882 

S × T4 1 0.004 0.9528 1 1.320 0.2507 

Random effects SD SD 

Native community - 0.1200 

Family 0.0240 0.5093 

Species 0.7837 1.1720 

Residual 0.4677 0.5008 

R2 of the model   

Marginal R2 0.2136 0.2432 

Conditional R2 0.7936 0.9000 
Note: significant effects (p < 0.05) are in bold.  
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Figure S1 

 

Figure S1 Means of biomass production across the five invasive and the six non-invasive 

alien target species, which were used both in the study by Liu & van Kleunen (2017) and our 

present study, in the six nutrient treatments. Panel (a) was plotted using raw data. Because 

plant initial size had a significant effect on biomass in the present study, panel (b) was plotted 

using modelled means. Error bars represent standard errors. 
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Does greater specific-leaf-area plasticity help plants to maintain a high per-

formance when shaded? 

Yanjie Liu, Wayne Dawson, Daniel Prati, Emily Haeuser, Yanhao Feng, Mark van Kleunen 
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Abstract 

Background and Aims It is frequently assumed that phenotypic plasticity can be very advan-

tageous for plants, because it may increase environmental tolerance (fitness homeostasis). 

This should, however, only hold for plastic responses that are adaptive, i.e. increase fitness. 

Numerous studies have shown shade-induced increases in specific leaf area (SLA), and there 

is wide consensus that this plastic response optimizes light capture and thus has to be adap-

tive. However, it has rarely been tested whether this is really the case. 

Methods In order to identify whether SLA plasticity does contribute to the maintenance of 

high biomass of plant species under shaded conditions, we employed a meta-analytical ap-

proach. Our dataset included 280 species and 467 individual studies from 32 publications and 

two unpublished experiments. 

Key Results Plants increased their SLA by 55.4% on average when shaded, while they de-

creased their biomass by 59.9%. Species with a high SLA under high-light control conditions 

showed a significantly greater ability to maintain biomass production under shade overall. 

However, in contrast to our expectation of a positive relationship between SLA plasticity and 

maintenance of plant biomass, our results indicated that species with greater SLA plasticity 

were less able to maintain biomass under shade. 

Conclusions Although a high SLA per se contributes to biomass homeostasis, there was no 

evidence that plasticity in SLA contributes to this. Therefore, we argue that some of the plas-

tic changes that are frequently thought to be adaptive might simply reflect passive responses 

to the environment, or result as by-products of adaptive plastic responses in other traits. 

Keywords: Adaptive, Functional traits, Phenotypic plasticity, Leaf mass area, LMA, Low 

light environment, Shade tolerance
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Introduction 

Phenotypic plasticity is the ability of an organism to express different phenotypes in different 

environments, and is ubiquitous among organisms (Bradshaw, 1965; 1973; Schmid, 1992; 

West-Eberhard, 2003). Plants exhibit plasticity in numerous ecologically important traits re-

lated to plant function, development and life history (Sultan, 2000; Valladares et al., 2007; 

Gratani, 2014). It is frequently assumed that phenotypic plasticity can be very advantageous 

for plants (Baker, 1974; Richards et al., 2006), because it is thought to increase environmen-

tal tolerance (i.e. fitness homeostasis; Valladares et al., 2014). This should, however, only 

hold for plastic responses that are adaptive, i.e. increase fitness (van Kleunen & Fischer, 2005; 

Muth & Pigliucci, 2007; van Kleunen et al., 2011b). Although many studies demonstrated 

that certain plastic responses of plants to contrasting environments are adaptive (Poorter & 

Lambers, 1986; Valladares & Pearcy, 1998; Donohue et al., 2001), this is not always the case, 

as some plastic responses might also be neutral (i.e. do not affect fitness) or even maladaptive 

(i.e. decrease fitness; van Kleunen & Fischer, 2005; Sánchez-Gómez et al., 2006; Ghalambor 

et al., 2007). Therefore, it is important to explicitly assess whether the plasticity of a trait is 

adaptive or not by investigating its contribution to performance of plants in multiple envi-

ronments.  

Light, one of the crucial factors for the growth and development of plants, is a highly hetero-

geneous environmental resource in nature, and almost all plants are exposed to a certain de-

gree of shading during their lifetime (Valladares & Niinemets, 2008). At low light intensity, 

photosynthesis, and consequently plant growth, is reduced. Plants respond to changing light 

conditions by adjusting a suite of morphological and physiological traits, such as specific leaf 

area (SLA), internode and petiole lengths, leaf size, leaf thickness, leaf mass and chlorophyll 

content (Rozendaal et al., 2006; Valladares & Niinemets, 2008; Legner et al., 2014). While it 

is frequently implicitly assumed that these morphological and physiological changes are ac-

tive plastic response to alleviate the plant of environmental stress, they could also reflect pas-

sive plastic responses to reduced resource availability (van Kleunen & Fischer, 2005). 

SLA, the ratio of leaf area to leaf dry mass, is a key functional trait of plants underlying var-

iation in growth rate among species (Pérez-Harguindeguy et al., 2013). SLA is also a major 

trait in the worldwide leaf economics spectrum, which reflects the range of fast to slow re-

turns on nutrient and dry mass investment in leaves among species (Wright et al., 2004; 
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Flores et al., 2014). Plants usually develop a higher SLA when grown under low light condi-

tions (Reich et al., 2003; Rozendaal et al., 2006; Feng & van Kleunen, 2014). This response 

could help plants to increase the efficiency of light capture and maximize carbon gain in such 

environments (Evans & Poorter, 2001; Gommers et al., 2013), because SLA tends to scale 

positively with mass-based light-saturated photosynthetic rate (Pérez-Harguindeguy et al., 

2013). Therefore, it is generally assumed that the plastic response of SLA enables plants to 

maintain a high performance under shading, and has to constitute adaptive plasticity 

(Valladares & Niinemets, 2008; van Kleunen et al., 2011b; Feng & van Kleunen, 2014). 

However, few studies have tested explicitly whether plastic responses to shading in SLA are 

really adaptive (but see Steinger et al., 2003; Avramov et al., 2006; Sánchez-Gómez et al., 

2006; McIntyre & Strauss, 2014 for notable exceptions), and thus result in high performance 

of plants across different light intensities.  

Here, we employed a meta-analytical approach to test whether plasticity of SLA in response 

to shading is adaptive, i.e. whether it enables plants to maintain their fitness under shade con-

ditions. Fitness is ideally measured in terms of reproductive output; however few studies have 

quantified this. Biomass is an alternative measure of plant performance, as it is the direct 

product of growth (e.g. Dawson et al., 2012b), and thus the change in biomass between high- 

and low-light conditions offers a good proxy for a species’ ability to tolerate shade. We com-

piled a database of 467 studies from 32 publications and two unpublished experiments that 

measured the responses of biomass and SLA of 280 plant species to shading to test whether 

greater plastic changes in SLA in response to shading actually help the plants to better main-

tain performance under shade (i.e. whether plasticity in SLA is positively related to mainte-

nance of plant biomass). 

Materials and methods 

Study and data collection 

As a basis for the meta-analysis, we used a data set from a previous meta-analysis by Dawson 

et al., (2012b), which was on the relation between resource use and global naturalization 

success of plants. This data set included 15 studies on this topic published between 1990 and 

2009. To obtain more recent studies (i.e. covering 2010 to 2014) on SLA and performance 

responses of plants to shading, we conducted a literature search in Web of Science 

(http://apps.webofknowledge.com/) using the following search string ‘shad*’ OR ‘light*’ OR 
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‘R:FR’ OR ‘PAR’ AND ‘SLA’ OR ‘LMA’ OR ‘SLM’. In order to ensure that we did not 

miss any important studies, we also did a similar search in Google Scholar using the same 

keywords. Our searches resulted in 1055 new records. We then individually assessed each 

publication, and retained them if the study reported data on both plant biomass and SLA re-

sponses to shading. In total, we identified 33 publications that met our criteria (See Supple-

mentary Materials and Methods S1 for all publications used), covering 113 species and 280 

individual studies. We also added unpublished data from two of our own experiments (Prati, 

unpublished data; Haeuser, Dawson and van Kleunen, unpublished data) to the dataset, yield-

ing data on an additional 167 species and 187 individual studies.  

We extracted mean values, sample sizes and measures of variance (i.e. standard deviations, 

standard errors or 95%-confidence intervals) for plant biomass and SLA measures under a 

high-light control treatment and a shade treatment. We used the high-light treatment as the 

control treatment because we assumed it to be in the range of light intensities under which 

photosynthesis is light saturated. We did not consider studies that were done in growth cham-

bers with artificial lighting, because high-light conditions in growth chambers are much low-

er than in glasshouse and garden environments, and below the light intensity under which 

photosynthesis is light saturated. When more than one shading level was used for a single 

species, they were all included in our analyses (and compared to the same high-light control), 

but we accounted for multiple measurements per species in the analysis (see below). We ex-

tracted the data directly from the text or tables, or, when presented in figures, we extracted 

the data using the software Image J 1.47v (Rasband, 2013). We also extracted data on light 

intensity of the high-light control and shade treatments, and calculated the relative light inten-

sity of the shade treatment compared to the control high-light treatment. Because light inten-

sity in glasshouses is typically lower than outdoors, we also extracted information on whether 

a study was conducted in a garden experiment or a glasshouse.  

Effect size and variance 

To examine the effects of shade treatment on SLA and plant biomass, we calculated the log-

response ratio (lnR) as an effect size of response variables for each individual study following 

Hedges et al., (1999) as: 

ln𝑅 =  Ln (
X̅s

X̅c
) = ln(X̅s) − ln( X̅c ) . 
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Here, X̅s and X̅c are the mean values of each individual SLA or biomass observation in the 

shade (S) and control (C) treatments, respectively. LnR values <0 indicate a decrease in SLA 

or biomass when shaded, and values >0 indicate an increase in SLA or biomass. The variance 

of ln R was, following Hedges et al., (1999), calculated as  

𝑣 Ln𝑅 =  
(SDs)2

Ns(X̅s)2
+  

(SDc)2

Nc(X̅c)2
 

Here, Ns, Nc, SDs, SDc, X̅s, and X̅c are sample sizes, standard deviations and mean values for 

SLA or biomass in the shade (S) and control (C) treatments, respectively. As average biomass, 

and consequently also absolute changes in biomass in response to shading, might vary enor-

mously among species (e.g. an annual herb has a much lower biomass than a tree), we chose 

the log-response ratio as an effect size as it quantifies the proportional change instead of the 

absolute change in biomass (Hedges et al., 1999). 

Data analysis 

All meta-analytical calculations and statistical analyses were performed in R 3.1.3 (R Core 

Team, 2015) using the package Metafor v1.9-5 (Viechtbauer, 2010). To test whether plastic 

changes in SLA in response to shading actually help the plant to better maintain performance 

(i.e. biomass) under shade, we selected a multivariate meta-analytic model using the rma.mv 

function. In the model, we included the effect sizes (LnR) of biomass and their corresponding 

sampling variances as the response variable. As the main explanatory variable of interest, we 

included plasticity of SLA in response to shading (i.e. SLAshade – SLAcontrol) in the model. 

Because the change in biomass may also depend on the SLA under high-light control condi-

tions (SLAcontrol), we also included this baseline SLA as an explanatory variable in the model. 

Effectively, by including both SLAcontrol and (SLAshade – SLAcontrol), we included both stand-

ard parameters (the intercept and slope) of a species linear SLA reaction norm to shading. We 

chose SLA under high-light conditions as the baseline (intercept) instead of SLAshade, because 

the high-light conditions were likely to be more similar among studies than the low-light 

conditions. Moreover, while SLAshade was strongly correlated with (SLAshade – SLAcontrol) 

(Pearson r = 0.812, p < 0.001, n = 467), resulting in multi-collinearity problems when includ-

ing both variables in a single analysis, this was not the case for SLAcontrol and (SLAshade – 

SLAcontrol) (Pearson r = 0.084, p = 0.069, n = 467), despite a strong correlation between 

SLAshade and SLAcontrol (Pearson r = 0.650, p < 0.001, n = 467). As species varied in life form 
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and studies varied in the degree of shading imposed, and in whether the study was done out-

doors or in a glasshouse, we also included life form (woody vs non-woody), relative light 

intensity (proportion of light in shade treatment compared to high-light control treatment), 

and experiment type (garden vs glasshouse) as explanatory variables. The continuous explan-

atory variables (SLAshade – SLAcontrol, SLAcontrol, and relative light intensity) were all stand-

ardized by subtracting the mean and dividing by the standard deviation for the entire dataset, 

to facilitate interpretation and comparisons of the estimated model parameters (Schielzeth, 

2010). 

As effect sizes on the same species and from the same study are not independent, we included 

species and study as random factors. Moreover, as recent studies have shown that the addition 

of phylogenetic information could have a significant impact on the effect-size estimates from 

meta-analysis models (Chamberlain et al., 2012), we also included phylogenetic information 

as a variance-covariance matrix in the model. We first constructed a base phylogenetic tree of 

all the species in our dataset using the online program Phylomatic (Webb & Donoghue, 2005). 

Polytomies within this base tree were then solved as far as possible using published molecu-

lar phylogenies (see Supplementary Materials and Methods S2 for all publications used). The 

phylogenetic tree was transformed to an ultrametric tree using the compute.brlen function in 

the package ape v 3.2 (Paradis et al., 2004). Finally, a variance-covariance matrix was calcu-

lated from the ultrametric tree, representing phylogenetic relatedness among species, using 

the vcv function in the package ape v 3.2.  

The estimates of effect size of biomass may be affected by whether or not the same genetic 

plant material is used in both the high-light and shading treatments (Gianoli & Valladares, 

2012) and by whether neutral shade (reduced light quantity alone) or canopy shade (reduced 

light quantity with altered spectral quality) is used (Griffith & Sultan, 2005). However, as in 

our dataset only six studies used the same genetic material in the different treatments and 

only three studies used canopy shade in high-light and shade treatments, we did not include 

these two factors in the main meta-analytical model described above. Instead, we did separate 

analyses to test whether material used in each study (replicated genotype or non-replicated 

genotype) or shade type (neutral shade or canopy shade) had a significant influence on the 

estimates of the effect sizes of biomass and SLA in response to shading, using the rma.mv 

function. We included species and study in the model as random factors, and phylogeny as a 

variance-covariance matrix. We also did separate analyses to test whether experiment type 
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(garden or greenhouse) or plant lifeform (woody or non-woody) had a significant influence 

on estimates of effect size of biomass and SLA in response to shading. 

Using the models described above, we calculated a weighted mean effect size for each mod-

erator. We calculated 95% confidence intervals (CI) with 1000 bootstrap replications, using 

the boot.ci function in the package boot v1.3-15 (Canty and Ripley, 2015). We considered the 

mean effect size estimate to be significantly different from zero if the 95% CI around the 

mean did not include zero. In order to visualize the relationship between the plasticity of SLA 

and the changes in plant biomass in response to shading, we plotted all biomass effect sizes 

against SLA-plasticity values, and added the regression line based on the predicted values 

from the main meta-analytical model described above. Total heterogeneity (QT) in the models 

used for separate analyses can be partitioned into heterogeneity explained by the model struc-

ture (QM) and unexplained heterogeneity (QE). We used the QM test to determine the signifi-

cance of the difference in the mean effect size between different levels in the following mod-

erator variables: plant material type (replicated genotype or non-replicated genotype), shade 

type (neutral shade or canopy shade), experiment type (garden or greenhouse) and plant life 

form (woody or non-woodly). Because residual plots revealed a deviation from the assump-

tion of normality, we used randomization tests to obtain a robust significance level of differ-

ences between groups (QM). By performing 1000 iterations for each model, a frequency dis-

tribution of possible QM values was generated. We then compared the randomly generated 

values to the observed QM value of each model, and calculated the proportion of randomly 

generated QM values more extreme (equal to or larger) than the observed QM values. We used 

this proportion as the significance level (i.e. p-value) for differences between groups.  
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Results 

 

Figure 1 Mean effect sizes (lnR) describing the overall responses of biomass and SLA to 

shading, and how these responses depend on whether the species are woody or non-woody, 

and whether the study was done in a glasshouse or garden, used the same genetic material in 

the different light treatments, and used neutral or canopy shading. Error bars represent bias-

corrected bootstrapped 95%-confidence intervals around the mean effect-size estimates de-

rived from the phylogenetically corrected meta-analytic model. The sample sizes (i.e. the 

number of studies) are given in parentheses. The dashed line indicates zero effect of shading.  

On average, SLA of plants increased by 55.4% when shaded, while biomass decreased by 

59.9% (Fig. 1). The responses of SLA and biomass to shading were not significantly affected 

by shade types (neutral or canopy), plant-material type (replicated genotype or non-replicated 

genotype), experiment type (garden or greenhouse), or life form (woody or non-woody) (Fig. 

1, Table S1). The level of light in the shade treatment, relative to the high-light control treat-

ment (mean: 41.5%, range: 1-85.3%) had no significant effect on the reduction in biomass 

(Fig. 2). Species with a greater SLA under control conditions (i.e. high light) showed a signif-

icantly smaller decrease in biomass under shade versus control conditions overall (Fig. 2 and 

3). However, we found a negative relationship between SLAshade – SLAcontrol and LnR of bi-

omass (Fig. 2 and 3). In other words, the decrease in biomass under shading was significantly 
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greater for plant species that showed a greater plastic increase in SLA. The variance compo-

nent associated with phylogenetic history was low (0.0446), indicating that the effect sizes 

used in the analysis were not strongly phylogenetically related. 

 

Figure 2 Means of parameter estimates describing the relationship between biomass respons-

es to shading (ln(biomassshade/biomasscontrol)) and SLA plasticity in response to shading (i.e. 

SLAshade – SLAcontrol), SLA in the high-light control treatment (SLAcontrol), relative light in-

tensity (percentage light in shade treatment relative to high-light control treatment) and type 

of experiment (garden vs glasshouse) on the changes of plant biomass in response to shading. 

Error bars show the bias-corrected bootstrapped 95%-confidence intervals around the param-

eter estimates derived from the phylogenetically corrected meta-analytic model. The dashed 

line indicates zero effect of the respective explanatory variable. 

Discussion 

SLA is considered to be an important functional trait that may affect light interception and 

leaf longevity (Wright et al., 2004), and is highly plastic in response to shading (Valladares & 

Niinemets, 2008). Although it is known that not all phenotypic plasticity increases perfor-

mance (van Kleunen & Fischer, 2005), it is still frequently implied that plasticity in SLA 

should help plants maintain high performance under varying light conditions (van Kleunen et 

al., 2011b; Gratani, 2014). Surprisingly, however, we found that greater plasticity of SLA of 

a species in response to shading was not associated with the maintenance of plant perfor-
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mance, but rather with greater reductions in plant biomass. Therefore, the results of our meta-

analysis indicate that SLA plasticity to shading might not constitute adaptive plasticity. 

 

Figure 3 Relationship between changes in plant biomass in response to shading, and (a) SLA 

in the high-light control treatment (SLAcontrol: i.e. the intercept of the species’ reaction norm) 

and (b) the changes in SLA (i.e. the slope of the species’ reaction norm). The regression line 

is based on the predicted values from the phylogenetically corrected meta-analytic model. 

The solid line is the fitted line, and the dashed lines are 95%-confidence intervals of the fitted 

line. 

Confirming the results of numerous previous studies on plant responses to shading (Reich et 

al., 2003; Rozendaal et al., 2006; Gianoli & Saldana, 2013; Feng & van Kleunen, 2014), our 

meta-analysis showed that most plants produced leaves with a higher SLA when shaded. This 

plastic response of SLA results in thinner, and relatively larger, leaves, and consequently 

should enhance light capture per gram of leaf tissue and thus mass-based photosynthesis. 

Therefore, it is frequently assumed that SLA plasticity represents adaptive shade-tolerance 

plasticity, maximizing plant performance in the shade (Valladares & Niinemets, 2008; van 

Kleunen et al., 2011b; Freschet et al., 2015). However, in contrast to support for this general 

assumption, we found a negative relationship between plant biomass responses to shading 

and SLA plasticity. In other words, our findings indicate that species that increased their SLA 

to a larger degree in response to shading were not more but less shade tolerant, compared to 

species that hardly changed their SLA. 

Few other studies have tested explicitly whether shade-induced responses in SLA are adap-

tive. Avramov et al., (2006) tested the adaptive value of plasticity in SLA of plants from two 
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populations of Iris pumila grown at three light levels, and found evidence that the plastic 

response in SLA to light availability was in the direction of values favored by selection in one 

of the two populations (i.e. adaptive). Moreover, McIntyre & Strauss, (2014) investigated 

patterns of plasticity and selection on SLA of Claytonia perfoliata plants grown in an oak 

canopy understory and an adjacent grassland habitat, and found that Claytonia perfoliata 

exhibited plastic responses in SLA in the same direction as promoted by selection (i.e. 

selection for a higher SLA in a canopy habitat), suggesting that the plastic reponse in SLA is 

adaptive. These two results thus contrast with the findings of our meta-analysis. One possible 

explanation for the discrepancy might be that these other studies tested for the benefit of plas-

ticity within species, while we tested for the benefit of plasticity among species. Therefore, 

we clearly need more studies that assess the fitness effects of SLA plasticity in response to 

shading within species to see whether this plasticity is generally beneficial within species. 

Our findings do not just suggest that a strong plastic increase in SLA of a species in response 

to shading is non-adaptive, but even suggest that it is maladaptive. One possible explanation 

could be that SLA plasticity is genetically and developmentally linked to plasticity in shade-

avoidance traits, such as petiole and internode elongation. In contrast to a shade-tolerance 

trait, a shade-avoidance trait should help the plants to escape from the shade conditions by 

overtopping the neighboring plants that impose the shade or by finding gaps in the vegetation. 

However, as most experiments on shade responses use artificial shading treatments from 

which the plants cannot escape, elongation responses are futile and might even be costly 

(Valladares et al., 2007; Valladares & Niinemets, 2008). Another explanation for the negative 

association between SLA plasticity and biomass homeostasis could be that most studies 

measure SLA at the end of the experiment. If SLA determines light interception per gram leaf, 

then plants that are able to plastically adjust SLA early should be able to maintain a high bi-

omass production. However, SLA as measured at the end of an experiment might not be driv-

ing the performance of plants but might result from it. In other words, a plant that is not very 

shade tolerant, and thus shows a strong decrease in biomass in response to shading, will not 

have the resources (e.g. photo-assimilates) to produce thick leaves with a low SLA. A low 

SLA might be beneficial, also under shaded conditions, if it results in a greater proportion of 

incident photon capture per unit leaf area. Alternatively, it could be that plants do not actively 

increase their SLA in response to low light but instead passively decrease their SLA in re-

sponse to high light due to accumulation of non-structural carbohydrates (thus increasing dry 
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mass per leaf area) when the carbohydrate production exceeds the demand in meristems. 

Whatever the exact reason is for the negative association between SLA plasticity and biomass 

homeostasis, we recommend that future studies on this topic should measure SLA not only at 

the end of an experiment but also early on, and that they should impose more realistic shade 

treatments that allow shade-avoidance responses to be effective.  

While our results indicate that SLA plasticity in response to shading is not adaptive, one 

could argue that our results indicate that SLA plasticity is adaptive in response to an increase 

in light intensity. In other words, if one uses the shade environment as the reference instead 

of the high-light environment, the plant species that have a stronger plastic decrease in SLA 

in response to high light are better able to take advantage of the high light intensity in terms 

of biomass production (Fig. S1a). To gain more insight into the underlying cause of the rela-

tionship between biomass change and SLA plasticity, we also did a regression of biomass in 

high- and low-light environments separately against SLA plasticity (Fig. S1b). Plant biomass 

in high-light environments varied little in relation to SLA plasticity (Fig. S1b), but biomass 

under low-light environments decreased with increasing SLA plasticity (Fig. S1b). This indi-

cates that species with greater SLA plasticity do not have an advantage under high-light con-

ditions, but are disadvantaged under shade compared to less plastic species. In other words, 

the reduced ability of plants to produce biomass due to a lack of light in shaded environments 

is not compensated by increasing SLA to a greater degree, but is rather exacerbated by it. 

Although SLA plasticity did not help plants to maintain a high performance when shaded, our 

results showed that species with greater SLA under high-light control conditions have a sig-

nificantly smaller decrease in biomass when shaded. So, while plasticity in SLA did not in-

crease biomass homeostasis high SLA values did. Generally, shade intolerant species have a 

higher light compensation points and light-saturated photosynthetic rates (Givnish, 1988; 

Kitajima, 1994; Valladares & Niinemets, 2008), thus plants with high SLA values would be 

more shade tolerant. This finding supports the carbon-gain hypothesis, which states that any 

trait related to light-use-efficiency that improves carbon gain in plants will increase perfor-

mance under shade (Givnish, 1988; Valladares & Niinemets, 2008). Our finding is also in 

line with the many studies that found that species with a greater SLA are more shade tolerant 

(e.g. Sánchez-Gómez et al., 2006; Janse-Ten Klooster et al., 2007; Gianoli & Saldana, 2013). 

Although the relationship between the biomass response and SLAcontrol in our meta-analysis 

was shallow, it raises the question why not all species have evolved greater SLA. Most likely, 
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this is because some species do not encounter much shading in nature and other selective 

forces, such as herbivory and drought stress, and environments favoring leaf-longevity (Fig. 

S2), have resulted in the evolution of species with low SLA. Additionally, while plants with 

lower SLA are less efficient in terms of metabolic cost per unit leaf area, they might capture a 

greater proportion of indicent photons. When the increased photon capture more than offsets 

the increased metabolic cost of a lower SLA, the lower SLA should be favored. 

As species that naturally occur in shaded habitats are presumably more shade tolerant, it 

could be that the positive relationship between the change in biomass and SLA arose because 

species from shade habitats have higher SLA values than species from non-shade habitats. As 

information on the natural habitats is not available for most of the study species, we could not 

account for this in the main analysis. However, for 136 of the 280 study species, we had data 

on their Ellenberg light-indicator values (Ellenberg, 1974), which indicate the light condi-

tions in the natural habitat of the species in Europe. Although this subset of species did not 

contain species from deep-shade habitats, we did not find evidence that species with different 

light-indicator values differed in SLA under high-light and under shaded conditions (Fig. S3). 

Therefore, it is unlikely that our result of a higher biomass homeostasis for species with high-

er SLA values is confounded by species from shade habitats having higher SLA values. 

Surprisingly, our results showed that relative light intensity had no significant effect on the 

reduction in biomass (Fig. 2). This runs counter to the results of many experiments, where 

biomass typically declines more or less continuously with declining light levels (e.g. Feng & 

van Kleunen, 2014; Kumar et al., 2014; Konvalinková et al., 2015). A likely explanation for 

this apparent discrepancy is that most species in our meta-analysis were not grown under 

more than two experimental light conditions, and that the light conditions varied among 

studies. Seventy of the 280 species were grown under more than two light levels, and a post-

hoc analysis for this subset of species showed that within species, biomass declines more or 

less continuously with declining light levels (Fig. S4). However, if we run the full meta-

analytical model for this subset of 70 species, the effect of relative light intensity was still not 

significant and also the other results remained qualitatively the same(Fig. S5). So, while with-

in each species relative light intensity is important for the change in biomass, among species 

it plays no significant role. 
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Conslusions 

In summary, our meta-analysis suggests that plasticity in the ability of plants to capture more 

light per gram of leaf mass invested under low-light conditions by increasing SLA does not 

contribute to shade tolerance of plant species in terms of biomass homeostasis, and thus does 

not constitute adaptive phenotypic plasticity. This is despite wide consensus that plasticity in 

SLA and other traits associated with shade avoidance and tolerance, such as leaf length, leaf 

area, shoot-root ratio, chlorophyll content and photosynthesis, can be adaptive (Dudley & 

Schmitt, 1996; Schmitt et al., 1999; van Kleunen & Fischer, 2005; Valladares & Niinemets, 

2008; van Kleunen et al., 2011b). We argue that some of the plastic responses of plant spe-

cies to shade that are frequently thought to be adaptive might simply reflect passive responses 

to the environment, or represent by-products of adaptive plastic responses in other traits. In 

order to further understand the mechanism of plant shade tolerance, we therefore strongly 

recommend that future studies should explicitly test whether the plasticity of a trait is adap-

tive or not.  

Acknowledgements 

We are very grateful to Dr. Judy Simon who kindly provided data. We also thank to Dr. Liam 

R. Dougherty and Dr. Dylan Craven for their help in doing multivariate meta-analysis in R. 

YJL is funded by a scholarship from the China Scholarship Council. We thank editors and 

two anonymous referees for the valuable comments and suggestions on a previous version of 

the manuscript. 

 

  



114 

 

Supplementary materials 

Methods S1 List of published studies from which data on plastic changes in biomass and 

SLA in response to shading were extracted. 

Albaugh J.M., Albaugh T.J., Heiderman R.R., Leggett Z., Stape J.L., King K., O'Neill K.P. & 

King J.S. (2014) Evaluating changes in switchgrass physiology, biomass, and light-

use efficiency under artificial shade to estimate yields if intercropped with Pinus taeda 

L. Agroforestry Systems, 88, 489-503. 

Brainard D.C., Bellinder R.R. & DiTommaso A. (2005) Effects of canopy shade on the 

morphology, phenology, and seed characteristics of Powell amaranth (Amaranthus 

powellii). Weed Science, 53, 175-186. 

Cheng X., Yu M., Wang G.G., Wu T. & Zhang C. (2013) Growth, morphology and biomass 

allocation in response to light gradient in five subtropical evergreen broadleaved tree 

seedlings. Journal of Tropical Forest Science, 25, 537-546. 

Du N., Wang R., Liu J., Zhang X., Tan X., Wang W., Chen H. & Guo W. (2013) 

Morphological response of Vitex negundo var. heterophylla and Ziziphus jujuba var. 

spinosa to the combined impact of drought and shade. Agroforestry Systems, 87, 403-

416. 

Feng Y. & van Kleunen M. (2014) Responses to shading of naturalized and non-naturalized 

exotic woody species. Annals of Botany, 114, 981-989. 

Feng Y.-L. & Li X. (2007) The combined effects of soil moisture and irradiance on growth, 

biomass allocation, morphology and photosynthesis in Amomum villosum. 

Agroforestry Systems, 71, 89-98. 

Gibson K.D., Fischer A.J. & Foin T.C. (2004) Compensatory responses of late watergrass 

(Echinochloa phyllopogon) and rice to resource limitations. Weed Science, 52, 271-

280. 

Guo X., Guo W., Luo Y., Tan X., Du N. & Wang R. (2013) Morphological and biomass 

characteristic acclimation of trident maple (Acer buergerianum Miq.) in response to 

light and water stress. Acta Physiologiae Plantarum, 35, 1149-1159. 

He Z., He W., Yu F., Shi P., Zhang X., He Y., Zhong Z. & Dong M. (2007) Do clonal growth 

form and habitat origin affect resource-induced plasticity in Tibetan alpine herbs? 

Flora - Morphology, Distribution, Functional Ecology of Plants, 202, 408-416. 

Liao J.X., Ge Y., Huang C.C., Zhang J., Liu Q.X. & Chang J. (2005) Effects of irradiance on 

photosynthetic characteristics and growth of Mosla chinensis and M-scabra. 

Photosynthetica, 43, 111-115. 

Liao J.X., Zou X.Y., Ge Y. & Chang J. (2006) Effects of light intensity on growth of four 

Mosla species. Botanical Studies, 47, 403-408. 

Liu Y., Schieving F., Stuefer J.F. & Anten N.P. (2007) The effects of mechanical stress and 

spectral shading on the growth and allocation of ten genotypes of a stoloniferous plant. 

Ann Bot, 99, 121-130. 

Mallik A.U., Wang J.R., Siegwart-Collier L.S. & Roberts B.A. (2012) Morphological and 

ecophysiological responses of sheep laurel (Kalmia angustifolia L.) to shade. Forestry, 

85, 513-522. 

Matlaga D.P., Quinn L.D., Davis A.S. & Stewart J.R. (2012) Light Response of Native and 

Introduced Miscanthus sinensis Seedlings. Invasive Plant Science and Management, 5, 

363-374. 



115 

 

Moraes G.A.B.K., Chaves A.R.M., Martins S.C.V., Barros R.S. & DaMatta F.M. (2010) Why 

is it better to produce coffee seedlings in full sunlight than in the shade? A 

morphophysiological approach. Photosynthetica, 48, 199-207. 

Navas M.L. & Garnier E. (2002) Plasticity of whole plant and leaf traits in Rubia peregrina in 

response to light, nutrient and water availability. Acta Oecologica-International 

Journal of Ecology, 23, 375-383. 

Peperkorn R., Werner C. & Beyschlag W. (2005) Phenotypic plasticity of an invasive acacia 

versus two native Mediterranean species. Functional Plant Biology, 32, 933. 

Pires M.V., de Almeida A.-A.F., Abreu P.P. & Silva D.d.C. (2012) Does shading explain 

variation in morphophysiological traits of tropical epiphytic orchids grown in artificial 

conditions? Acta Physiologiae Plantarum, 34, 2155-2164. 

Pires M.V., de Almeida A.-A.F., de Figueiredo A.L., Gomes F.P. & Souza M.M. (2012) 

Germination and seedling growth of ornamental species of Passiflora under artificial 

shade. Acta Scientiarum-Agronomy, 34, 67-75. 

Qin Z., Mao D.J., Quan G.M., Zhang J.-e., Xie J.F. & DiTommaso A. (2012) Physiological 

and morphological responses of invasive Ambrosia artemisiifolia (common ragweed) 

to different irradiances. Botany-Botanique, 90, 1284-1294. 

Rodríguez-Calcerrada J., Pardos J.A., Gil L., Reich P.B. & Aranda I. (2007) Light response 

in seedlings of a temperate (Quercus petraea) and a sub-Mediterranean species 

(Quercus pyrenaica): contrasting ecological strategies as potential keys to 

regeneration performance in mixed marginal populations. Plant Ecology, 195, 273-

285. 

Rodriguez-Lopez N.F., Martins S.C.V., Cavatte P.C., Silva P.E.M., Morais L.E., Pereira L.F., 

Reis J.V., Avila R.T., Godoy A.G., Lavinski A.O. & DaMatta F.M. (2014) 

Morphological and physiological acclimations of coffee seedlings to growth over a 

range of fixed or changing light supplies. Environmental and Experimental Botany, 

102, 1-10. 

Salgado-Luarte C. & Gianoli E. (2011) Herbivory may modify functional responses to shade 

in seedlings of a light-demanding tree species. Functional Ecology, 25, 492-499. 

Sanchez-Gomez D., Valladares F. & Zavala M.A. (2006) Functional traits and plasticity in 

response to light in seedlings of four Iberian forest tree species. Tree Physiology, 26, 

1425-1433. 

Simon J., Li X. & Rennenberg H. (2014) Competition for nitrogen between European beech 

and sycamore maple shifts in favour of beech with decreasing light availability. Tree 

Physiology, 34, 49-60. 

Sims L., Pastor J., Lee T. & Dewey B. (2012) Nitrogen, phosphorus and light effects on 

growth and allocation of biomass and nutrients in wild rice. Oecologia, 170, 65-76. 

Spencer D.F. (2012) Response of Giant Reed (Arundo donax) to Intermittent Shading. 

Invasive Plant Science and Management, 5, 317-322. 

Stuefer J.F. & Huber H. (1998) Differential effects of light quantity and spectral light quality 

on growth, morphology and development of two stoloniferous Potentilla species. 

Oecologia, 117, 1-8. 

van Kleunen M., Schlaepfer D.R., Glaettli M. & Fischer M. (2011) Preadapted for 

invasiveness: do species traits or their plastic response to shading differ between 

invasive and non-invasive plant species in their native range? Journal of 

Biogeography, 38, 1294-1304. 

Vazquez de Castro A., Oliet J.A., Puertolas J. & Jacobs D.F. (2014) Light transmissivity of 

tube shelters affects root growth and biomass allocation of Quercus ilex L. and Pinus 

halepensis Mill. Annals of Forest Science, 71, 91-99. 



116 

 

Wang G.G., Bauerle W.L. & Mudder B.T. (2006) Effects of light acclimation on the 

photosynthesis, growth, and biomass allocation in American chestnut (Castanea 

dentata) seedlings. Forest Ecology and Management, 226, 173-180. 

Weijschede J., Martinkova J., de Kroon H. & Huber H. (2006) Shade avoidance in Trifolium 

repens: costs and benefits of plasticity in petiole length and leaf size. New Phytol, 172, 

655-666. 

Yu F.H. & Dong M. (2003) Effect of light intensity and nutrient availability on clonal growth 

and clonal morphology of the stoloniferous herb Halerpestes ruthenica. Acta Botanica 

Sinica, 45, 408-416.  



117 

 

Methods S2 Phylogenetic tree used in this study and list of published studies used for resolv-

ing the polytomies within the initial base tree 

 

 

Barker N.P., Clark L.G., Davis J.I., Duvall M.R., Guala G.F., Hsiao C., Kellogg E.A., Linder 

H.P., Mason-Gamer R.J., Mathews S.Y., Simmons M.P., Soreng R.J., Spangler R.E. 

& Grp G.P.W. (2001) Phylogeny and subfamilial classification of the grasses 

(Poaceae). Annals of the Missouri Botanical Garden, 88, 373-457. 

Boršić I., Susanna A., Bancheva S. & Garcia-Jacas N. (2011) CentaureaSect.Cyanus: Nuclear 

Phylogeny, Biogeography, and Life-Form Evolution. International Journal of Plant 

Sciences, 172, 238-249. 

Bouchenak-Khelladi Y., Salamin N., Savolainen V., Forest F., Bank M., Chase M.W. & 

Hodkinson T.R. (2008) Large multi-gene phylogenetic trees of the grasses (Poaceae): 



118 

 

progress towards complete tribal and generic level sampling. Mol Phylogenet Evol, 47, 

488-505. 

Brauchler C., Meimberg H. & Heubl G. (2004) Molecular phylogeny of the genera Digitalis 

L. and Isoplexis (Lindley) Loudon (Veronicaceae) based on ITS- and trnL-F 

sequences. Plant Systematics and Evolution, 248. 

Cai Y.F., Li S.W., Chen M., Jiang M.F., Liu Y., Xie Y.F., Sun Q.A., Jiang H.Z., Yin N.W., 

Wang L., Zhang R., Huang C.L. & Lei K.R. (2010) Molecular phylogeny of 

Ranunculaceae based on rbc L sequences. Biologia, 65, 997-1003. 

Catalan P., Torrecilla P., Lopez Rodriguez J.A. & Olmstead R.G. (2004) Phylogeny of the 

festucoid grasses of subtribe Loliinae and allies (Poeae, Pooideae) inferred from ITS 

and trnL-F sequences. Mol Phylogenet Evol, 31, 517-541. 

Downie S.R., Katz-Downie D.S. & Spalik K. (2000) A phylogeny of apiaceae tribe 

Scandiceae: Evidence from nuclear ribosomal DNA internal transcribed spacer 

sequences. American Journal of Botany, 87, 76-95. 

Drabkova L., Kirschner J. & Vlcek C. (2006) Phylogenetic relationships within Luzula DC. 

and Juncus L. (Juncaceae): A comparison of phylogenetic signals of trnL-trnF 

intergenic spacer, trnL intron and rbcL plastome sequence data. Cladistics, 22, 132-

143. 

Fernández-Mazuecos M., Blanco-Pastor J.L. & Vargas P. (2013) A Phylogeny of Toadflaxes 

(LinariaMill.) Based on Nuclear Internal Transcribed Spacer Sequences: Systematic 

and Evolutionary Consequences. International Journal of Plant Sciences, 174, 234-

249. 

Garcia-Jacas N., Uysal T., Romashchenko K., Suarez-Santiago V.N., Ertugrul K. & Susanna 

A. (2006) Centaurea revisited: A molecular survey of the Jacea group. Ann Bot, 98, 

741-753. 

Gillespie L.J. & Soreng R.J. (2005) A phylogenetic analysis of the bluegrass genus Poa based 

on cpDNA restriction site data. Systematic Botany, 30, 84-105. 

Goertzen L.R., Cannone J.J., Gutell R.R. & Jansen R.K. (2003) ITS secondary structure 

derived from comparative analysis: implications for sequence alignment and 

phylogeny of the Asteraceae. Molecular Phylogenetics and Evolution, 29, 216-234. 

Hendrichs M., Oberwinkler F., Begerow D. & Bauer R. (2004) Carex , subgenus Carex 

(Cyperaceae) ? A phylogenetic approach using ITS sequences. Plant Systematics and 

Evolution, 246, 89-107. 

Hilpold A., Vilatersana R., Susanna A., Meseguer A.S., Borsic I., Constantinidis T., 

Filigheddu R., Romaschenko K., Suarez-Santiago V.N., Tugay O., Uysal T., Pfeil B.E. 

& Garcia-Jacas N. (2014) Phylogeny of the Centaurea group (Centaurea, Compositae) 

- geography is a better predictor than morphology. Mol Phylogenet Evol, 77, 195-215. 

Jones E., Simpson D.A., Hodkinson T.R., Chase M.W. & Parnell J.A. (2007) The Juncaceae-

Cyperaceae interface: a combined plastid sequence analysis. Aliso: A Journal of 

Systematic and Evolutionary Botany, 23, 55-61. 

Kaufmann M. & Wink M. (1994) Molecular Systematics of the Nepetoideae (Family 

Labiatae) - Phylogenetic Implications from Rbcl Gene-Sequences. Zeitschrift Fur 

Naturforschung C-a Journal of Biosciences, 49, 635-645. 

Kelch D.G. & Baldwin B.G. (2003) Phylogeny and ecological radiation of New World 

thistles (Cirsium, Cardueae-Compositae) based.on ITS and ETS rDNA sequence data. 

Molecular Ecology, 12, 141-151. 

Lindqvist C. & Albert V.A. (2002) Origin of the Hawaiian endemic mints within North 

American Stachys (Lamiaceae). American Journal of Botany, 89, 1709-1724. 



119 

 

Lipnerova I., Bures P., Horova L. & Smarda P. (2013) Evolution of genome size in Carex 

(Cyperaceae) in relation to chromosome number and genomic base composition. Ann 

Bot, 111, 79-94. 

Mathews S., Tsai R.C. & Kellogg E.A. (2000) Phylogenetic structure in the grass family 

(Poaceae): Evidence from the nuclear gene phytochrome B. American Journal of 

Botany, 87, 96-107. 

Navajas-Perez R., de la Herran R., Lopez Gonzalez G., Jamilena M., Lozano R., Ruiz Rejon 

C., Ruiz Rejon M. & Garrido-Ramos M.A. (2005) The evolution of reproductive 

systems and sex-determining mechanisms within rumex (polygonaceae) inferred from 

nuclear and chloroplastidial sequence data. Mol Biol Evol, 22, 1929-1939. 

Panero J.L. & Funk V.A. (2008) The value of sampling anomalous taxa in phylogenetic 

studies: major clades of the Asteraceae revealed. Mol Phylogenet Evol, 47, 757-782. 

Potter D., Eriksson T., Evans R.C., Oh S., Smedmark J.E.E., Morgan D.R., Kerr M., 

Robertson K.R., Arsenault M., Dickinson T.A. & Campbell C.S. (2007) Phylogeny 

and classification of Rosaceae. Plant Systematics and Evolution, 266, 5-43. 

Potter D., Gao F., Bortiri P.E., Oh S.H. & Baggett S. (2002) Phylogenetic relationships in 

Rosaceae inferred from chloroplast matK and trnL-trnF nucleotide sequence data. 

Plant Systematics and Evolution, 231, 77-89. 

Pyck N. & Smets E. (2000) A search for the phylogenetic position of the seven-son flower 

(Heptacodium, Dipsacales): combining molecular and morphological evidence. Plant 

Systematics and Evolution, 225, 185-199. 

Slotta T., Horvath D. & Foley M. (2012) Phylogeny of Cirsium spp. in North America: Host 

Specificity Does Not Follow Phylogeny. Plants, 1, 61-73. 

van Dijk P.J. (2003) Ecological and evolutionary opportunities of apomixis: insights from 

Taraxacum and Chondrilla. Philos Trans R Soc Lond B Biol Sci, 358, 1113-1121. 

Wang W.P., Hwang C.Y., Lin T.P. & Hwang S.Y. (2003) Historical biogeography and 

phylogenetic relationships of the genus Chamaecyparis (Cupressaceae) inferred from 

chloroplast DNA polymorphism. Plant Systematics and Evolution, 241, 13-28. 

Wang X.R., Tsumura Y., Yoshimaru H., Nagasaka K. & Szmidt A.E. (1999) Phylogenetic 

relationships of Eurasian pines (Pinus, Pinaceae) based on chloroplast rbcL, matK, 

rpl20-rps18 spacer, and trnV intron sequences. American Journal of Botany, 86, 

1742-1753. 

Wolfe A.D., Randle C.P., Datwyler S.L., Morawetz J.J., Arguedas N. & Diaz J. (2006) 

Phylogeny, taxonomic affinities, and biogeography of Penstemon (Plantaginaceae) 

based on ITS and cpDNA sequence data. American Journal of Botany, 93, 1699-1713. 

Yang Z.Y., Ran J.H. & Wang X.Q. (2012) Three genome-based phylogeny of Cupressaceae 

s.l.: further evidence for the evolution of gymnosperms and Southern Hemisphere 

biogeography. Mol Phylogenet Evol, 64, 452-470. 



120 

 

Table S1 Mean effect size estimates from phylogenetically corrected meta-analytic models performed separately for each factoer. 

Factor 
Effect 

sizes 

Biomass  SLA 

Mean LnR 
Lower 

95% CI 

Upper 

95% CI 
QM Df P  

Mean 

LnR 

Lower 

95% CI 
Upper 95% CI QM Df P 

Shading type 
Canopy 3 -1.86816 -3.798 -0.886 

6.4134 1 0.9211 
 0.467579 0.1942 0.6934 

0.0469 1 0.3007 
Neutral 464 -0.82552 -0.976 -0.7606  0.438562 0.4032 0.4951 

Genotype 

Non-

replicated 
461 -0.86809 -1.0549 -0.7765 

1.1346 1 0.8122 
 0.449943 0.4131 0.5092 

0.5418 1 0.6503 

Replicated 6 -1.27108 -1.938 -1.02  0.364161 0.2364 0.5272 

Experiment 

type 

Garden 435 -0.7444 -0.8762 -0.6884 
3.5428 1 0.7493 

 0.391904 0.3524 0.4389 
3.3396 1 0.6693 

Greenhouse 32 -1.20264 -1.49 -0.976  0.529906 0.45 0.635 

Lifeform 
Non-woody 261 -0.91864 -1.219 -0.7917 

0.0006 1 0.9770 
 0.432132 0.3909 0.5025 

0.0758 1 0.9980 
Woody 206 -0.91246 -1.0893 -0.8101  0.453586 0.3896 0.5292 

Mean effect size estimates, 95%-confidence intervals (CIs), QM and P values were calculated using phylogenetically corrected meta-analytic 

models. CIs for estimates were calculated by bootstrapping 1000 times. P values were calculated by permuting 1000 iterations using a randomi-

zation test. 
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Figure S1 

 

Figure S1. Relationship between plasticity in SLA and the changes in plant biomass when 

going from shade to high-light control environments (a), and plant biomass under different 

light conditions (b). The solid line is the fitted line, and the dashed lines are 95%-confidence 

intervals of the fitted line. The significance of the regression lines in b are indicated in paren-

theses: not significant (ns) and significant at p < 0.01 (*).   
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Figure S2 

 

Figure S2. Means (± SE) of specific leaf area (SLA) in the ligh-light control treatments as 

estimated from a liner mixed-effects model for evergreen woody, deciduous woody, and non-

woody (herbaceous) species. Different letters above the bars indicate that the means differ 

significantly between lifeforms at α = 0.05. 
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Figure S3 

 

Figure S3. Boxplots of SLA values and biomass response to shading of species of different 

shade intolerance classes. (a) shows the SLA values of species grown under high-light 

conditions (SLAcontrol), (b) shows the SLA values of species grown under shade conditions 

(SLAshade), and (c) shows the biomass response to shading of species of different shade 

intolenrance classes. The shade intolerance classes are the Ellenberg light-indicator values of 

each species for Central Europe, obtained from FloraWeb (http://www.floraweb.de/). In our 

dataset, the indicator values ranged from 6 to 9. Species with a value of 6 naturally occur in 

semi-shade to semi-light conditions, species with a value of 7 occur in half-light conditions, 

species with a value of 8 occur in half-light to full-light conditions, and species with a value 

of 9 occur in full-light conditions. There were no differences between high-light adapted 

species and shade-adapted species for the mean SLA values under control (F3,161 = 0.792, P = 

0.500) and shaded conditions (F3,161 = 0.816, P = 0.487). There was also no differences 

between high-light adapted species and shade-adapted species for the biomass response to 

shading (F3,161 = 2.191, P = 0.091). This result was obtained from an analysis using the subset 

of data that only included the 113 species for which we have information on light conditions 

in their natural habitats. 
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Figure S4 

 

Figure S4. The relationship between plant biomass reduction (ln(biomassshade/biomasscontrol)) 

and relative light intensity for 70 species that were grown under more than two light condi-

tions. A relative light intensity of 0 indicates no light, and a value of 1 indicates full light. 
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Figure S5 

  

Figure S5. Means of parameter estimates describing the relationship between biomass 

responses to shading (ln(biomassshade/biomasscontrol)) and SLA plasticity in response to 

shading (i.e. SLAshade – SLAcontrol), SLA in the high-light control treatment (SLAcontrol), 

relative light intensity (percentage light in shade treatment relative to high-light control 

treatment) and type of experiment (garden vs glasshouse) on the changes of plant biomass in 

response to shading. Error bars show the bias-corrected bootstrapped 95%-confidence 

intervals around the parameter estimates derived from the phylogenetically corrected meta-

analytic model. The dashed line indicates zero effect of the respective explanatory variable. 

This result was obtained from the analysis using a subset of data, which only included the 70 

species growing under more than two light conditions. 
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General discussion 

Phenotypic plasticity is assumed to be an important mechanism that allows species to tolerate 

environmental change. Nevertheless, we still have a limited understanding of how phenotypic 

plasticity varies among species, and whether it is related to their success in nature under 

current and future conditions (van Kleunen & Fischer, 2005). Additionally, many studies on 

phenotypic plasticity and plant success assume that the plasticity measured in their studies 

constitutes adaptive plasticity, particularly so for functional traits associated with nutrient 

uptake and light capture. However, for most of them, the adaptive value has rarely been 

tested (van Kleunen & Fischer, 2005; van Kleunen et al., 2011b). To gain more insights, the 

four studies described in my thesis aimed to assess how plant species respond to 

environmental change, and whether plastic respones are related to the success of those 

species.  

Plant invasion  under changes in mean environmental  conditions 

In a meta-analysis, I assessed how invasive alien and native plant species respond to other 

global environmental change factors (Chapter 1). I found that invasive alien plants showed 

stronger positive responses to elevated temperature and CO2 enrichment than native plants. 

Additionally, invasive alien plants tended to have a slightly stronger positive response to 

increased N deposition and increased precipitation than native plants, although these 

differences were not significant. Invasive alien plants tended to have a slightly stronger 

negative response to decreased precipitation than native plants, although this difference was 

also not significant. Combined with the previous findings that invasive plants species usually 

have a significantly higher performance than native plants under current environment 

conditions (van Kleunen et al., 2010b), my findings suggest that while drought could 

potentially reduce invasion, all other global environmental change factors considered, 

particularly global warming and atmospheric CO2 enrichment, may promote further spread of 

invasive plants in the future. 

Many case studies have assessed how invasive and native plant species respond to changes in 

precipitation, temperature, atmospheric CO2 concentration, and N deposition; however, such 

studies usually involve small numbers of species, and have produced mixed results (Dukes & 

Mooney, 1999; Bradley et al., 2010a). In the 1
st
 chapter, I comparied plastic responses in 
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performance traits for 74 invasive alien plant species and 117 native plant species. The 

findings showed a general pattern whereby invasive plant species have stronger response to 

environment changes than native plant species. Such increased performancecould confer 

them greater advantage over native plant species when the environment becomes more 

favourable in the future. A previous meta-analysis by Sorte et al., (2013), which assessed the 

responses of naturalized alien and native organisms (both plant and animial species) to 

climate change. These authors found that naturalized alien species exhibited stronger 

responses than natives species in aquatic systems (primarily data on animals), but not in 

terrestrial systems (primarily data on plants, but also some animal data). I restricted the 

analysis to invasive alien and native plant species and increased the number of studies 

included. My meta-analysis provides robust evidence that invasive plant species exhibit 

stronger respones than native plant species, and thus that plant invasion might be promoted 

by global environmental change. 

Although invasive plant species showed stronger responses to individual factors of environ-

mental change than native plant species in the 1
st
 Chapter reported in my thesis, it remains 

unclear whether such differences would hold under conditions where multiple environmental 

change factors interact. Different global environmental change factors could occur simulta-

neously in nature. For example, elevated atmospheric CO2 could also increase the tempera-

ture (IPCC, 2013), and increasing precipitation might also increase the N deposition (IPCC, 

2013). The interactive effects between different global environmental change factors could be 

simply additive, synergistic or antagonistic (Dukes et al., 2005; Bloor et al., 2010; Dieleman 

et al., 2012; Yue et al., 2017). If the interactive effects between different global environmen-

tal change factors are simply additive (i.e. equal to the sum of their individual effects), one 

would expect that invasive plant species respond more positively than native plant species 

(Fig. 1a and 1b) when the effects of all individual effects are positive or when the positive 

individual effects are much larger than the sum of negative effects. However, the joint effect 

could also be neutral (Fig. 1c) or negative (Fig. 1d) otherwise. The interactive effects are 

complex when the effects are not simply additive, as synergistic and antagonistic effects are 

even more difficult to predict.  Therefore, it remains also largely unexplored whether the ob-

served differences in plastic response patterns between invasive and native plant species 

would hold under conditions where multiple environmental change factors interact.  
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Figure 1 A conceptual diagram illustrating how one plant species responds to two simultane-

ously individual environmental factors if their interactive effect is only additive. When indi-

vidual effects of both factors are positive, the interactive effect would also be positive (a). 

When one individual effect is positive and the other is negative, the interactive effect depends 

on the intensity of each individual effect. If the positive effect is stronger than the negative 

effect, the interactive effect would be positive (b); if they are equal, the interactive effect 

would be neutral (c); and if the negative effect is stronger than the positive effect, the interac-

tive effect would be negative (d). 

In the 1
st
 chapter of my thesis, I only focused on comparing the plastic response between 

invasive alien and native plant species on the individual-level. However, plant invasion is not 

only a individual-levels process, but als a community-level process. Plastic responses of 

plants to environmental changes may also depend on the community context. Individual 

plants could respond (physiologically, biochemically, and morphologically) to environmental 

changes directly, and indirectly through modified interactions with other members of the 

community (Adler & HilleRisLambers, 2008; Feng & van Kleunen, 2016). Indeed, a species 

that responds strongly to an altered environmental factor when grown individually or in 

monoculture may respond quite differently when grown in competition with other plants 

(Bazzaz & Mcconnaughay, 1992). For instance, a meta-analysis by Poorter & Navas, (2003) 

found that fast-growing pioneer species had a greater response to CO2 enrichment than slow-

growing climax species when grown alone, whereas no difference was found when grown in 
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competition. Moreover, invasive and native plant species may be affected by soil biota 

(Callaway et al., 2004; Reinhart & Callaway, 2006), herbivory (Inderjit, 2012; Cronin et al., 

2015) and pollinators (Vanparys et al., 2008; Vilà et al., 2009; Stout & Tiedeken, 2017). 

Thus, environmental changes could also indrectly affect the plastic response of invasive alien 

and native plant species throught an direct influence on any member of other trophic levels. 

Unfortunately, my meta-analysis did not include these abovementioned factors becasue of the 

limited number of publication related to them. Thus, community-based experiments are 

needed in further studies to predict whether invasive plant species will benefit more than 

native plants from environmental change. 

Plant invasion under nutrient fluctuation 

Most of the publications included in the meta-analysis (Chapter 1) focused on plant responses 

to environmental changes under mean conditions. However, fluctuations around a mean 

environmental condition over time might also affect plant respones and the competition 

balance between plants (Davis et al., 2000). Therefore, I focused the two greenhouse 

experiments on the variability in environmental changes. In the first greenhouse experiment, I 

grew common and rare alien, and native plant species under six different nutrient treatments 

without competition (Chapter 2). I found that the plastic responses of biomass production, 

root morphology, and root allocation to nutrient changes under mean conditions did not differ 

between alien plant sepcies and native plant species. This suggests that plant plasticity of the 

studied traits in response to nutrient changes in mean conditions is similar for native and alien 

species. However, I found that, compared to a constant high nutrient supply, alien plant 

species showed positive plastic responses to large nutrient pulses, whereas native plant 

species showed negative plastic responses, possibly as a consequence of differences in 

plasticity of root traits . No differences were found in the plastic responses to nutrient 

addition between invasive and non-invsaive alien plant species, possibly, because plants were 

grown in the absence of competition. In the second greenhouse experiment (Chapter 3), ten 

pairs of invasive and non-invasive alien plant species were grown under the same nutrient-

supply treatments used in the first greenhouse experiment, but this time in the presence of 

native competitors. I found that invasive plant species exhibited a significantly higher plastic 

response in biomass production (i.e. benefited more) to high nutrient levels than non-invasive 

plant species, which is inconsistent with the first greenhouse experiment. However, I also 

found that both groups of alien target species benefited proportionally less from the nutrient 
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addition overall than the native competitors. Surprisingly, the alien species, and particularly 

the invasive ones, suffered from nutrient pulses. These findings do not support the 

fluctuating-resource-availability hypothesis, which poses that communities become more 

susceptible to invasion when the availability of resources increases (Davis et al., 2000). 

Alien plant species introduced from more nitrogen-rich habitats are often pre-adapted to 

become invasive (Dostál et al., 2013). This is consistent with the fact that nutrient-rich 

habitats often experience more invasion than resource-poor habitats (Burke & Grime, 1996; 

Gross et al., 2005; Seabloom et al., 2015). Therefore, invasive alien plant species might show 

an increased ability to rapidly take advantage of available nutrirents in nature, and thus grow 

faster and be more successful than non-invasive alien plant species (Richards et al., 2006; 

Davidson et al., 2011). Although invasive and non-invasive alien plant species might differ in 

their ability to take up nutrients rapidly, both of them may simply have taken up the total 

amount of nutrients in the absence of native competitiors in the first greenhouse experiment. 

As a consequence, the changes in biomass production were similar for invasive and non-

invasive alien plant species in Chapter 2. Due to the presence of the competition in the 

second greennhouse experiment (Chapter 3), invasive plant species that might have a higher 

ability to take up nutrients may grow faster and respond more strongly than non-invasive 

alien plant species that might have a lower ability to take up nutrients. This could be tested by 

directly comparing the differences in nutrient-uptake rates between invasive and non-invasive 

alien plant species. However, to my knowledge, no study has investigated this yet. Therefore, 

tests are needed to determine the differences in nutrient-uptake rates between invasive and 

non-invasive alien plant species. 

Although a few case studies that tested the fluctuating-resource-availability hypothesis found 

support for the hypothesis that resource variability could promote plant invasion (Davis & 

Pelsor, 2001; Parepa et al., 2013), the results of my multi-species experiment suggest that it is 

not a general phenomenon for alien plant species. Nutrient competition is a key process 

regulating the dynamics of plant communities (Grime, 1973; 1977; Tilman, 1982; 1988), and 

is also the major mechanism behind the fluctuating-resource-availability hypothesis (Davis et 

al., 2000). In a community, only the plant species with a superior competitive ability can 

suppress other species and thus become dominant (Gioria & Osborne, 2014). Even though 

several studies have showed that invasive plant species possess a superior capacity to acquire 

nutrients over native plant species (Daehler, 2003; Leishman & Thomson, 2005; Funk & 
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Vitousek, 2007; van Kleunen et al., 2010b; Matzek, 2012), alien plant species are not 

necesarily competitively superior to native plant species. Indeed, successful wide-spread and 

dominant alien plant species might not be better competitors than wide-spread and dominant 

native plant species (Seabloom et al., 2003; van Kleunen et al., 2010b; Gioria & Osborne, 

2014). Therefore, the fluctuating-resource-availability hypothesis might hold true for the 

plant species that have a superior competitive ability, irrespective of whether they are an alien 

or a native plant species. More studies in the future should investigate whether the positive 

effects of increased resources variability on competitive dominance is a general phenomenon.  

Adaptive phenotypic plasticity 

Desipe the wide consensus that plasticity of traits associated with nutrient-uptake strategies 

and shade tolerance can be adaptive, few studies have assessed this explicitly. Recently, 

Keser et al., (2015) directly tested the relationship between plasticity of root traits and 

performance for 24 herbaceous native to Europe but alien to USA, and found that the plants 

with higher plasticity in root traits had a higher performance both within and among species. 

This multispecies experiment shows that plasticity of root traits, which is associated with 

nutrient uptake, are adaptive, and that such plasticity contributed invasiveness (i.e. success) 

of those species in the USA. Therefore, I also measured the plasticity of root traits in my first 

greenhouse study (Chapter 2) to test whether this plasticity contribute to plant success in 

response to fluctuating nutrients. I found some evidence that plasticity in root allocation to 

better alien plant species might capitalize on large nutrient pulses, in contrast to native plant 

species. Unfortunately, because of the small sample sizes for each of the species in that study, 

this conclusion was drawn by comparing the plasticity in root allocation and variation in 

performance between the two groups of species, rather than by investigating the link between 

the plasticity in root allocation and performance (i.e. testing for adaptive value of plasticity as 

done by Keser et al., (2015). 

Only a few case studies have tested explicitly whether plasticity of traits associated with 

shade tolerance is adaptive (Steinger et al., 2003; Avramov et al., 2006; Sánchez-Gómez et 

al., 2006; McIntyre & Strauss, 2014). Such case studies suggest that SLA plasticity in 

response to shading is adaptive within a species. However,it remains unclear whether this is 

also the case among species. As higher SLA could help plants to increase the efficiency of 

light capture and maximize carbon gain (Evans & Poorter, 2001; Gommers et al., 2013), it is 
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frequently assumed that the SLA increase from high-light conditions to low-light conditions 

is adaptive, and relates to plant success across heterogeneous light environments among 

species (van Kleunen et al., 2011b; Feng & van Kleunen, 2014). Therefore, in my second 

meta-analysis (Chapter 4), I used a database to test whether the assumptionthat the SLA 

plasticity in response to shading is adaptive. I found that the higher ability of plants to capture 

light by increasing SLA under low-light conditions was not associated with the maintenance 

of biomass homeostasis in plant species, but rather with greater reduction in biomass of plant 

species. In other words, the plasticity of SLA to shading among species might not constitute 

adaptive plasticity. Therefore, I argue that some of the plastic responses of plant species to 

environmental changes, which are frequently thought to be adaptive, might simply reflect 

passive responses to the environment, or may reflect responses induced by the adaptive 

plasticity of other traits.  

Conclusion 

Taken together, the different chapters of this thesis provide insights into the importance of 

phentypic plasticity for plant success under environmental change. The results presented in 

my thesis suggest that the higher plasticity of invasive alien plant species than native plant 

species in response to favourable environmental changes, particularly global warming and 

atmospheric CO2 enrichment, may promote spread of invasive plants in the future. Moreover, 

invasive plant species showed more positive responses to nutrient addition than non-invasive 

alien plant species when competing with native plant species. Therefore, my findings suggest 

that higher plasticity to nutrient addition might lead to success for some alien plants. In 

contrast, my findings also suggest that the promotion of plant invasion by nutrient 

fluctuations in resident communities is not a general phenomenon. My findings also suggest 

that some plastici responses for which there is wide consensus that they are adaptive might 

not really be adaptive. In other words, these plastic responses might not help plants to 

maintain a high performance across different environment conditions, as shown for SLA 

plasticity in response to shading. To sum up,  my thesis found that phenotypic plasticity could 

be linked to a certain extent to plant success under environmental change in space and time.  
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