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ABSTRACT 

The range or distribution of a species is the geographic area in which it occurs, 

and typically encompasses the range of environmental conditions within which the 

species can persist. Non-native species are convenient model systems for 

understanding recent shifts in species distribution, because they are recently 

introduced, usually well dispersed, and shaped by contemporary ecological forces. In 

mountainous regions, shifts in species distribution – which may be caused by changes 

in either land use or climate (or both) - usually result in changes in the elevational 

range of the species.  

The aim of this thesis is to understand at multiple spatial scales the distribution 

and dynamics of non-native plants in mountainous regions. The study addresses three 

overarching questions: 1) how are non-native species distributed in mountains? 2) 

how are the ranges of non-native species changing? 3) what factors limit their spread? 

I attempt to answer these questions through four distinct projects. 

To investigate how species richness varies along gradients of elevation and 

human disturbance, the abundance of non-native plant species was recorded along 

elevational gradients in eight mountain regions around the world. The same sampling 

procedures, based upon plots located at 0, 25 and 75 m from roadsides, were used in 

each region. Species richness and similarity of non-native plants species along 

elevational gradients were found to be strongly influenced by factors operating at 

scales ranging from 100 meters to 1000’s of kilometers. Non-native species richness 

was highest in the new-world regions, reflecting the effects of colonization from 

Europe. The elevational distribution of non-native species richness varied, but was 

always greatest in the lower third of the range. In all regions, non-native species 

richness declined away from roadsides. I conclude that because processes operating at 

global, regional and local scales affect non-native plant species, a multi-scale 

perspective is needed to understand their patterns of distribution. The processes 

involved include global dispersal, filtering along elevational gradients, and 

differential establishment with distance from roadsides. 

Monitoring the elevational limits of species is a potentially sensitive means of 

detecting effects of environmental change. However, the elevational limits of many 

species are difficult to define, being represented by a zone where there is an 

approximate balance between establishment and extinction of local populations. To 
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investigate the nature of this zone in the Swiss Alps, a survey performed six years 

earlier of 230 ruderal sites ranging in elevation from 200 m to 2400 m above sea level 

was repeated. Little change was found between surveys in the elevational ranges of 

species, suggesting that the observed limits are currently stable. For most species, 

however, there was considerable turnover of populations throughout the elevational 

range, especially towards the upper limit.  The results suggest the range limits of non-

native species in mountains are determined by a combination of both physiological 

limits and demographic instabilities. 

To understand the causes of declining frequency and increasing turnover of 

non-native species with elevation, plant performance was measured in all patches of 

Erigeron annuus and Solidago canadensis along elevational transects in the upper 

Rhine valleys of Switzerland between 2008 and 2010. The data were used to estimate 

colonization and extinction along the elevational gradient and determine whether 

range limits are best explained by metapopulation processes or by the performance of 

individuals. We used model selection criteria to choose best-fit models of 

environmental factors (climate, land use, topography) that predict probability of 

occurrence. We found that the mean performance of individual plants did not decline 

towards the elevational limits whereas the patch performance did. Patches at the 

margin were prone to greater extinction and stochastic extreme climatic events 

because distance between suitable habitat increased and the general quality of the 

habitat was lower. 

To investigate the relative importance of phenotypic flexibility and local 

adaptation in the success of an invasive plant species, we recorded patterns of trait 

variation and performance in Verbascum thapsus in its native and non-native ranges 

and across climatic gradients. This was done by comparing populations in terms of the 

density of mature individuals per unit area, the total area covered, and several plant 

traits. Plant traits and performance were not significantly different between ranges and 

showed no clear relationship. However, the height of plants and the length of 

inflorescence increased with total annual precipitation, and in addition there was  

significant variation among regions. Plant traits varied among regions but this was 

explained by the fact that regions occupied different positions along the overall 

climate gradient represented in the study. Range accounted for none of the variation in 

performance or traits, suggesting that V. thapsus is capable of growing across a wide 



Abstract 

 

 3 

range of temperature and precipitation regimes, and its invasion is not dependent upon 

major shifts in plants traits.  

The results presented in this thesis illustrate the importance of three phases in 

the spread of non-native plants into mountainous regions. First, humans must 

transport species, either intentionally or unintentionally, to new areas, where they 

establish mainly in disturbed lowland habitats. Generally, when species arrive in a 

new range, niches of species are generally conserved and hence the most broadly 

adapted species appear in the most regions around the world. Second, after 

introduction into the lowlands, propagules may spread along the elevational gradient, 

but most species are filtered out by the environmental gradients and are generally 

restricted to lower elevations and roadsides. Third, species generally fill their climatic 

niches over time and then form more or less well defined range limits. The high 

elevation range limit is usually not a distinct boundary, but a zone where population 

turnover increases because of frequent extinction and subsequent recolonization from 

the lowlands.  
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ZUSAMMENFASSUNG 

Das Verbreitungsgebiet einer Art ist der geografische Raum, in welchem diese 

Art vorkommt. Gebietsfremde Pflanzenarten (Neophyten) sind geeignete 

Modellsysteme, um schnelle Veränderungen in der Verbreitung von Arten zu 

untersuchen, weil sie erst vor kurzem eingeführt wurden, sich in der Regel schnell 

ausbreiten, und ihre Ausbreitung von den momentanen ökologischen Bedingungen 

bestimmt wird. In Gebirgen resultiert die räumliche Ausbreitung einer Art häufig in 

einer Veränderung der Höhenverteilung, welche zum Beispiel durch Änderungen in 

der Landnutzung oder dem Klima verursacht werden kann. 

Das Ziel dieser Dissertation ist es, die räumliche Verteilung und 

Ausbreitungsdynamik von gebietsfremden Pflanzenarten in Gebirgsregionen auf 

verschiedenen räumlichen Skalen besser zu verstehen. Die Arbeit befasst sich mit drei 

übergeordneten Fragestellungen: (1) Wie sind gebietsfremde Arten in Gebirgen 

räumlich verteilt? (2) Wie verändert sich die räumliche Verteilung von 

gebietsfremden Arten in Gebirgen? (3) Welche Faktoren begrenzen die Ausbreitung 

von gebietsfremden Arten in Gebirgen? Für die Beantwortung dieser Fragen wurden 

im Rahmen der Arbeit vier verschiedene Untersuchungen durchgeführt. 

Um zu verstehen, wie die Anzahl gebietsfremder Pflanzenarten entlang von 

Höhengradienten variiert, wurde das Vorkommen von gebietsfremden Pflanzenarten 

entlang von Höhengradienten in acht Bergregionen weltweit aufgenommen. In jeder 

Region wurden mittels des gleichen Verfahrens Vegetationsaufnahmen in einer 

Distanz von 0, 25 und 75 Metern von Strassenrändern durchgeführt. Es hat sich 

gezeigt, dass sowohl die Artenvielfalt als auch die Artenzusammensetzung aufgrund 

von Prozessen auf sehr unterschiedlichen räumlichen Skalen von hundert Metern bis 

zu mehreren tausend Kilometern variieren. Die Anzahl gebietsfremder Arten war in 

den Regionen der Neue Welt am höchsten. Dies lässt sich durch die Kolonisation 

dieser Gebiete aus Europa erklären. Die Verteilung der Anzahl gebietsfremder Arten 

entlang der Höhengradienten unterschied sich zwischen den Regionen, wobei die 

höchste Anzahl der Arten immer im unteren Drittel der Höhengradienten beobachtet 

wurde. In allen Regionen nahm die Anzahl gebietsfremder Arten mit zunehmender 

Distanz von der Strasse ab. Daraus kann abgeleitet werden, dass zum Verständnis von 

Pflanzeninvasionen in Gebirgen ein Ansatz erforderlich ist, welcher globale, regionale 

und lokale räumliche Skalen integriert. Dabei sind Ausbreitungsprozesse auf globaler 
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Skala, Filterung von Arten entlang von Höhengradienten, und der unterschiedliche 

Etablierungserfolg von Arten in unterschiedlichen Vegetationstypen abseits von 

Strassenrändern von besonderer Bedeutung. 

Das Monitoring der maximalen Höhenverteilung von Arten kann potentiell 

eine sensitive Methode sein, um Auswirkungen von Umweltveränderungen auf 

Artenverteilungen zu identifizieren. Die Höhengrenzen vieler Arten sind jedoch 

schwer zu identifizieren, da sie durch eine Zone definiert sind, welche durch ein 

dynamisches Gleichgewicht von Einwanderung und Aussterben von lokalen 

Populationen charakterisiert ist. Um diese dynamische Zone besser zu verstehen, 

wurde eine Vegetationserfassung von 230 Ruderalstandorten in der Schweiz entlang 

eines Höhengradienten von 200 bis 2400 Metern über Meer nach sechs Jahren 

wiederholt. Innerhalb dieser sechs Jahre wurden nur kleine Veränderungen der 

Artenverteilung beobachtet. Dies lässt auf stabile Höhengrenzen der Arten schliessen. 

Bei den meisten Arten wurden jedoch starke Schwankungen von bestimmten 

Populationen entlang des gesamten Höhengradienten und insbesondere in höheren 

Lagen beobachtet. Diese Ergebnisse zeigen, dass die Grenzen der Verbreitungsgebiete 

von gebietsfremden Arten in Gebirgen durch eine Kombination von physiologischen 

Wachstumsgrenzen und demographischen Instabilitäten bestimmt sind.  

Um die Abnahme der Häufigkeit und die Zunahme der Schwankungen von 

Populationen gebietsfremder Arten mit zunehmender Höhe besser zu verstehen, 

wurden die Arten Erigeron annuus und Solidago canadensis entlang von 

Höhentransekten in den Jahren 2008 und 2010 im oberen Rheintal (Schweiz) erfasst. 

Anhand dieser Daten wurden die Etablierung und das Aussterben von Populationen 

dieser beiden Arten entlang von Höhengradienten abgeschätzt. Zudem wurde 

untersucht, ob sich Verteilungsgrenzen besser durch Metapopulationsprozesse oder 

die Fitness von Einzelpflanzen erklären lassen. Die Daten zeigten, dass nur das 

Wachstum von Populationen nicht aber die Fitness von Einzelpflanzen mit der Höhe 

abgenommen haben. Mit zunehmender Höhe zeigten die Populationen ein höheres 

Risiko zum Aussterben und eine erhöhte Anfälligkeit für klimatische 

Extremereignisse, da sich die Distanz zwischen geeigneten Mikrohabitaten vergrößert 

und die allgemeine Qualität der Habitate verringert hat. 

Um die relative Bedeutung der phänotypischen Plastizität und evolutionären 

Anpassung für den Erfolg einer gebietsfremden Pflanzenart zu verstehen, wurden 

verschiedene Eigenschaften der Art Verbascum thapsus entlang von Höhengradienten 
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in einheimischen und gebietsfremden Untersuchungsgebieten erfasst. Folgende 

Faktoren wurden dabei zwischen den Gebieten verglichen: Dichte geschlechtsreifer 

Individuen, Deckungsgrad, sowie verschiedene Merkmale einzelner Individuen. 

Zwischen den Eigenschaften oder der Fitness von Individuen aus einheimischen und 

gebietsfremden Gebieten wurden keine signifikanten Unterschiede gefunden. Die 

Pflanzenhöhe und die Länge des Blütenstandes haben jedoch mit der jährlichen 

Niederschlagsmenge zugenommen. Zudem gab es erhebliche Unterschiede zwischen 

den einzelnen Regionen: die Variation von Pflanzeneigenschaften konnte dabei durch 

die Tatsache erklärt werden, dass die Regionen unterschiedliche Positionen entlang 

des gesamten durch die Studie abgedeckten Klimagradienten einnahmen. Die 

Ergebnisse zeigen, dass Verbascum thapsus in einem breiten Temperatur- und 

Niederschlagsbereich wachsen und ohne evolutionäre Anpassung in nicht-

einheimischen Gebieten invasiv werden kann. 

Die Ergebnisse dieser Arbeit verdeutlichen die Bedeutung von drei Phasen in 

der Ausbreitung von gebietsfremden Pflanzen in Gebirgsregionen. (1) Zunächst 

müssen die Arten durch den Menschen entweder absichtlich oder unabsichtlich in 

neue Gebiete transportiert werden, wo sie sich hauptsächlich in anthropogen gestörten 

Habitaten im Tiefland etablieren. Dabei müssen die Arten an die klimatischen 

Bedingungen am neuen Ort angepasst sein. Entsprechend ist davon auszugehen, dass 

die Arten mit den grössten klimatischen Nischen in den meisten Regionen der Welt 

auftreten können. (2) Nach dem Einbringen in Tieflagen breiten sich die Arten 

entlang von Höhengradienten aus, wobei die meisten Arten jedoch durch den 

Klimagradienten an der Ausbreitung gehindert werden und sich nur in tieferen Lagen 

und entlang von Straßenrändern etablieren können. (3) Im Laufe der Zeit besetzen die 

Arten ihre klimatischen Nischen und bilden mehr oder weniger deutlich definierte 

Verbreitungsgebiete. Die maximal erreichte Höhe ist dabei jedoch keine genau 

definierte Grenze, sondern eine Zone, in welcher Populationen durch hohe 

Schwankungen mit regelmässigem Aussterben und Wiederbesiedlung aus tieferen 

Lagen charakterisiert sind. 
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GENERAL INTRODUCTION 

Geographic range and species’ distribution 

Ecology has been described as the study of the distribution and abundance of 

organisms in relation to the environment (MacArthur 1972, Gaston 2003, MacKenzie 

et al. 2006). Given this definition, the geographical area occupied by a species – 

referred to as its range or distribution – is a fundamental unit in ecology and 

biogeography. Distributions of species have been widely studied and are important 

because they are empirical measurements of the abundance and spatial extent species 

cover (Guisan and Thuiller 2005, Normand et al. 2009). Distributions of species have 

been used to understand changes in biodiversity (Pauli et al. 2007), manage rare 

species (Hanski et al. 1996), and justify conservation (Loiselle et al. 2003, Guisan and 

Thuiller 2005).  

There has been considerable debate concerning exactly what the species 

distribution is and what it means (Gaston 2003, MacKenzie et al. 2006), especially in 

light of changes in species distributions in relation to global change. In its most 

simple form, a species’ geographic range is the total extent of occurrence. Within the 

geographic range of a species, occurrence can be more precisely defined by area of 

occupancy, implying that absences can occur within the generalized geographic range 

distribution (MacKenzie et al. 2006). It is important to make this distinction between 

the definitions, because an organism may be absent within its range for important 

ecological reasons (for example, the presence of diseases or predators, or the absence 

of mutualists). The research described in this thesis considers both types of 

distribution – i.e. the geographic range and the area of occupancy - to infer 

mechanistic processes of non-native species spread. At the global and regional scales 

we concentrate on the generalized extent of occurrence, and at the local scale we 

concentrate on the area of occupancy.  

Species distributions are facilitated and limited by many different factors that 

interact hierarchically (Latimer et al. 2006, DeGasperis and Motzkin 2007). So to 

answer the question ‘how are species range distribution formed?’ requires an 

examination of the limits of species, representing the zones where the species fails to 

expand its range. This makes the range limit of a species distribution an important 

component of the species range (Holt and Keitt 2005, Gaston 2009). In this thesis, I 
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concentrate on elevational range limits of species because it is convenient to study 

range expansion in the context of steep environmental gradients.  

 The factors that determine the range distribution, and ultimately the range 

limits, include abiotic conditions, biotic interactions, and dispersal limitation (Guisan 

and Thuiller 2005). At the global and regional scale climate is important in 

determining species range distributions, especially in higher latitudes and elevations 

because low temperature limit species distributions. Temperature may affect species 

distributions globally along gradients of increasing latitudes, or locally along a single 

slope (Scherrer and Körner 2010). Other abiotic conditions such as (i.e. geology, 

topography) or biotic interactions between species (i.e. predator-prey relationships) 

can have large effects on species distributions at the regional or local scale. One of the 

most important factors in the formation of geographic ranges is dispersal limitation 

(Hurtt and Pacala 1995, Svenning and Skov 2004, Wilson et al. 2009): for species to 

establish at a location, propagules must first arrive at the site. Thus, dispersal 

limitation and the size of the species pool are two factors that strongly influence local 

species richness (Kraft et al. 2011). 

Though species usually have more or less distinct boundaries, range expansion 

can occur if a species has positive population growth rates at it range margins. 

Providing dispersal is possible, enabling new populations to establish beyond the 

current boundary, the geographic range may increase. This has been documented for 

many native species in reaction to global change, both recently and historically 

(Svenning and Skov 2007, Lenoir et al. 2008, Chen et al. 2011). Though range 

expansion has been documented, there is little information on the mechanistic 

processes and what may limit them. Generally, range expansion is considered to occur 

because changes in climate conditions make it possible, or because of genetic 

adaptation, or because species overcome dispersal limitation (Svenning and Skov 

2004, Colautti et al. 2006, Kawecki 2008, Chen et al. 2011). 

 

Weeds, non-native species, and invasion 

 Since the early days of ecological and evolutionary science, what limits the 

range of a species has been a central question. As C. H. Merriam put it, "What 

naturalists wish to know is not how species are dispersed, but how they are checked in 

their efforts to over-run the earth", (Gaston 2003, MacKenzie et al. 2006). This 

interest partly stems from people’s motivations to control vegetation. Since the 
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inception of agriculture unwanted plants have reduced crops yield and out competed 

desired plants in pastors and cultivated lands and have been regarded as menaces to 

human productivity – to these plants we have bestowed the term ‘weeds’. The concept 

of the weed dates back to the development of agriculture, and since its inception 

humans have been trying to limit the tendency of weeds to ‘over-run the earth’. 

Ironically, as modern human cultures have become more globalized, many species 

have been intentionally or unintentionally transported over large parts of the world 

(Mack 2001). Humans facilitate the spread weeds, increasing their ranges, and the 

spread of weeds has been considered a threat to native species and biodiversity 

worldwide.  

One needs to discriminate between the different impacts that weeds can have, 

and adopt appropriate terminology to describe these (Richardson et al. 2000). Many 

species have been transported to other continents and have established or naturalized, 

producing self-sustaining populations. Invasive species are those that are non-native 

and deemed to have a large impact on native biodiversity or extol large economic 

costs in agricultural systems (Pimentel et al. 2005); however, such species represent 

only a tenth of a tenth (i.e. around one per cent) of those introduced (Williamson and 

Fitter 1996). Compared to invasive species, that are a small subset of non-native 

species, most non-native species have little or no impact on local areas and should not 

be viewed negatively because they are non-native (Davis et al. 2011). These non-

native species should not be thought of as the causes of environmental degradation 

but as symptoms of human-induced changes in the environment (Didham et al. 2005, 

MacDougall and Turkington 2005). Non-native species in general make excellent 

model systems for studying biogeography and ecology because they are modern day 

transplant experiments (Holt et al. 2005, Sax et al. 2007), which provide enormous 

insights into the rules of plant community assembly and evolution.  

 

Mountainous regions and non-native species 

Mountains have a long history in the folklore of humans, being steep and 

inhibiting to humans they often invoked fear. For this reason, for many centuries 

mountain regions were less inhabited and have suffered less environmental 

destruction compared to adjacent lowlands (Messerli 2006). Mountain regions became 

the first national parks and protected lands because there were the fewer human 

inhabitants and least potential for human development when compared to the adjacent 
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lowlands. Mountain environments are complex and often change over short distances 

so they also offer many diverse habitats for many plants and animals (Körner 2002). 

Because much of the protected land in the world is found in mountain regions with 

high amounts of native biodiversity, their conservation is extremely important. 

However, this does not mean mountain ranges have escaped the long arm of 

humanity; forestry, tourism, and mining have had an enormous impact in many 

mountain regions. This thesis focuses on two factors that alter mountain regions, the 

first non-native species as passengers of direct human induced change, and indirectly 

climate change and subsequent changes in distributions of plant species.  

Non-native plant spread means that mountain ecosystems, still some of the 

most pristine biotas on Earth, may increasingly become human-homogenized 

communities. This could occur because of changes in human land use and 

disturbance, and the increasing transport of propagules into mountain  regions. The 

second human impact addressed in this thesis is climate change, and the expectation 

of shift in the distributions of plant species. Because of recent increases in 

temperature, many non-native species have shifted to higher elevations in mountains, 

and it is reasonable that this process will continue. However, with appropriate 

management strategies based upon adequate knowledge, it may be possible to act 

before non-native species alter the character of mountain ecosystems.  

 

Outline of Thesis 

The aim of this thesis is to develop a mechanistic process of spread of non-native 

species in mountainous regions. To achieve this aim, I address three overarching 

questions: 1) how are non-native species distributed in mountains? 2) how are the 

ranges of non-native species changing? 3) what factors limit their spread. I take a 

multiple scale approach to analyze patterns of plant distributions from the global to 

local scale, because processes at multiple hierarchical spatial scales influence where a 

species is found and how frequent it is (Münzbergovà 2004, Pauchard et al. 2004, 

Pauchard and Shea 2006, Ibanez et al. 2009). In particular, four projects focus on 

analyzing the process of spread of non-native species by: comparing similarity of 

plant species between multiple mountain regions around the world, analyzing 

population dynamics within a region, estimating the effect patch performance has on 

range limits, and by measuring plant trait variation in a widespread species.   
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The knowledge thus gained can be applied to understand and potentially limit 

invasive species spread in mountains, and can also be used to understand and measure 

the response of range distributions of all species to global change. 

 

Chapter 1 analyzes the richness and similarity of non-native species in eight mountain 

regions around the world. I use a hierarchical approach to model patterns at the local, 

regional, and global scale to determine the influences of processes at multiple scales 

on local observations. 

 

Chapter 2 is a resurvey of 230 sites spread across the Alps in Switzerland, first 

sampled in 2003, and stratified by elevation. The goal is to measure the vital 

population rates of colonization and extinction, and to test whether non-native species 

are continuing to move to higher elevations.  

 

Chapter 3 is a project that models the response of individual plant characteristics and 

metapopulation processes along environmental gradients at the local scale to 

determine what limits populations at the range margin. We measured individual traits, 

patch characteristics, and recorded population locations of two non-native species 

Erigeron annuus and Solidago canadensis along an elevational transect in the upper 

Rhine valleys in Switzerland.  

 

Chapter 4 examines morphological traits and patch characteristics of Verbascum 

thapsus which is distributed worldwide. Traits and patch characteristics were 

measured in six mountain regions at low, medium and, high elevations to determine 

how climatic, geographical and ecological factors affect invasion success. 
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ABSTRACT 

The aim of this study is to investigate how species richness of non-native 

plants varies along gradients of elevation and human disturbance in eight mountain 

regions on four continents and two oceanic islands. We compared the distribution of 

non-native plant species along roads in eight mountainous regions. Within each 

region, abundance of plant species was recorded at 41-84 sites along elevational 

gradients using 100-m2 plots located at 0, 25 and 75 m from roadsides. We used 

mixed-effects models to examine how local variation in species richness and 

similarity were affected by processes at three scales: among regions (global), along 

elevational gradients (regional), and with distance from a road (local). We used model 

selection and information criteria to choose best-fit models of species richness along 

elevational gradients. We performed a hierarchical clustering of similarity to 

investigate human-related factors and environmental filtering as potential drivers at 

the global scale.  

Species richness and similarity of non-native plants species along elevational 

gradients were strongly influenced by factors operating at scales ranging from 100 

meters to 1000’s of kilometers. Non-native species richness was highest in the new-

world regions, reflecting the effects of colonization from Europe. Similarity among 
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regions was low and due mainly to certain Eurasian species, mostly native to 

temperate Europe, occurring in all new-world regions. Elevation and distance from a 

road explained little of the variation in similarity. The elevational distribution of non-

native species richness varied, but was always greatest in the lower third of the range. 

In all regions, non-native species richness declined away from roadsides. In three 

regions, this decline was steeper at higher elevations, and there was an interaction 

between distance and elevation. 

Because non-native plant species are affected by processes operating at global, 

regional and local scales, a multi-scale perspective is needed to understand their 

patterns of distribution. The processes involved include global dispersal, filtering 

along elevational gradients, and differential establishment with distance from 

roadsides.  

 

KEYWORDS 

 alien, altitude, beta-diversity, elevational gradients, plant invasions 
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INTRODUCTION 

Plant invasions are influenced by interacting abiotic and biotic processes 

spanning a wide range of spatial scales (Cassey et al., 2006; Meyerson & Mooney, 

2007; Ibanez et al., 2009). At the global scale, gradients of energy affect large-scale 

species distributions (Field et al., 2009), and patterns of human trade and migration 

determine the identity and frequency of species introductions (Mack & Lonsdale, 

2001; Simberloff, 2009; Wilson et al., 2009). Within regions, abiotic gradients such 

as climate, resource availability and land-use can also affect the richness and 

similarity of non-native plant assemblages (Lonsdale 1999; Brown & Peet, 2003; 

Pauchard et al., 2004b; Davis 2009). And at local scales, heterogeneity in abiotic and 

biotic factors - many of them influenced by human activities - can determine the 

degree of invasion at a site (Degasperis & Motzkin, 2007; Davis 2009).  

Ecologists increasingly recognize that a full understanding of biological 

invasions will only be possible if we take account of the scales over which particular 

processes operate (Lonsdale, 1999; Pauchard & Shea 2006; Jimenez et al., 2008; 

Kueffer & Hirsch Hadorn, 2008). For example, native and non-native species richness 

are often negatively correlated at the community scale but positively correlated at a 

landscape scale. This apparent contradiction arises because local competitive 

interactions determine whether a species can invade (Tilman, 1997), while habitat 

diversity is more important at a larger scale (e.g. Lonsdale 1999, Fridley et al., 2007). 

For practical reasons, however, most studies of plant invasions have been conducted 

at a local or regional scale, and the differing methods used make larger scale 

comparisons difficult (Lonsdale, 1999).  

Plant invasions into mountain regions provide an excellent opportunity to 

investigate how plant distributions are influenced by processes operating at a range of 

spatial scales (Dietz, 2005; Alexander et al., 2009a; Pauchard et al., 2009). Different 

mountains systems are similar in exhibiting strong environmental gradients, but differ 

in many other respects, including biodiversity, climate, and land-use history. Several 

studies have found a strong decrease in non-native plant species richness at the 

highest elevations, although patterns at lower and middle elevations vary among 

regions (Pauchard et al., 2009). In some cases, species richness has been found to 

decline continuously across the entire gradient (Becker et al., 2005; Daehler, 2005), 

while in others, hump-shaped patterns comparable to those for native species have 
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been recorded (Arévalo et al., 2005; Nogues-Bravo et al., 2008). Several reasons for 

the decline in species richness at higher elevations have been proposed, including 

introduction pathways from low to high elevations (Alexander et al., 2011; Becker et 

al., 2005), decreasing anthropogenic land-use and habitat disturbance with elevation 

(Parks et al., 2005; Marini et al., 2009), and harsh climate conditions at higher 

elevations (Pauchard et al., 2009).  

In this paper, we investigate the drivers of non-native plant species 

composition (richness and similarity) in eight mountainous regions around the world. 

For this purpose, we distinguish three spatial scales: 1) global, representing factors 

operating a large scale (1000's km) and determining differences in species 

composition among mountain systems, 2) regional, representing factors changing at a 

regional scale (100's km), and especially along elevational gradients, and 3) local, 

representing factors varying among neighboring habitats (< 100 m). Based on this 

framework, we ask three main questions: 

1. What is the relative contribution of each spatial scale to variation among sites in 

richness and similarity of non-native species?  

2. Are patterns of non-native species richness along gradients of elevation and human 

disturbance consistent across biogeographic regions?  

3. How do factors operating at different scales interact to affect the richness and 

similarity of species at the local level? 

 

METHODS 

Description of regions 

The eight regions were Tenerife (Canary Islands, Spain), the Australian Alps, 

Swiss Alps (Canton Valais), Central Chile, South Chile, Montana-Yellowstone 

National Park, Blue Mountains Oregon (both USA), and two of the Hawaiian islands 

(Hawaii and Maui) (Table 1.1). Four of these regions have a temperate climate, two a 

Mediterranean climate, and two are subtropical oceanic islands that are strongly 

affected by trade winds, resulting in dry, Mediterranean-like leeward and humid 

windward climates (Table 1.1). 
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Table 1.1. Characteristics of the eight regions, including the location, the climate zone (Med: 
Mediterranean, Temp: Temperate, Island: Subtropical oceanic island with strongly contrasting leeward 
and windward climates), the number of roads sampled, the number of sampled plots per region with the 
percentage of plots with no non-native species recorded in parentheses, the range from the minimum to 
the maximum elevation of the sampling plots in meters above sea level, and the total number of non-
native flowering plants recorded per region. 

Region Coordinates Climate Roads Samples Elevation range Species 

Australian Alps1 36°06’ S 148°18’ E Med 3 60 (0) 410-2125 102 

South Chile2 36°58’ S 71°24’ W Med 3 60 (0) 274-1668 84 

Central Chile2 33°54’ S 70°18’ W Temp 3 41 (0) 1895-3585 45 

Swiss Alps3 46°12’ N 7°12’ E Temp 4 84 (29.8) 411-1802 19 

Tenerife Canary Isl. 4 28°12’ N 16°36’ W Island 3 60 (38.3) 5-2250 38 

Hawaiian Islands5 19°48’ N 155°30’ W Island 4 73 (1.4) 507-4147 162 

Montana-Yellowstone NP6 44°48’ N 110°24 W Temp 3 60 (6.7) 1803-3307 33 

Oregon Blue Mountains7 45°18’ N 117°48’ W Temp 3 60 (6.7) 902-2265 83 
1(McDougall et al., 2005) 2(Jimenez et al., 2008) 3(Alexander et al., 2009b) 4(Arévalo et al., 2005) 5(Jakobs et al., 2010) 6(Rew 
et al., 2005) 7(Parks et al., 2005)  

 

Survey design 

In each region we selected three roads - or four in Hawaii and Switzerland - 

that extended over a broad elevational gradient and were open to vehicular traffic for 

at least part of the year. The elevational range of all regions exceeded 1000 m (Table 

1 and Appendix A1.1), and road surfaces included both gravel and pavement. The 

bottom of a road was defined as the point below which there was no substantial 

change in elevation, and the top was the highest point accessed by the road, though 

these were not necessarily the lowest or highest elevations in each region. Starting at 

the bottom, the elevational range of each road was divided into 19 equally spaced 

bands, giving 20 sample locations per road (Appendix A1.1). Locations were 

determined prior to going into the field, and were subsequently located using a global 

positioning system (GPS) or topographical map. Sample locations were ranked 

(numbered) by elevation along each road from lowest (1) to highest (20).  

At each sampling location, three 2 x 50 m2 plots were laid out in a T-shaped 

transect, so that one plot lay parallel to the road, centered on the sampling location. 

The other two plots extended perpendicularly from the road (centered at the sampling 

location) and midpoints of the plots were 25 m and 75 m from the roadside (Appendix 

A1.1). This design was applied in all regions except the Hawaiian Islands, where the 

plots were confined to the roadside (Table 1.1). Each plot was divided into five 2 x 10 

m2 subplots within which we recorded the abundance of all non-native species. For 

this purpose, we used a three-point scale to reflect the number of individuals or ramets 
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(1-10, 10-100, 100+). In the subsequent analysis, the values for the sub-plots were 

summed to give a single presence-absence measure for the entire 100 m2 plot.  

Any species introduced after 1500 AD was considered to be non-native. A 

comprehensive list of all species recorded in the survey was compiled and 

consolidated to the species level using the GRIN database (http://www.ars-grin.gov/), 

eFloras (http://www.efloras.org/), and the PLANTS database (http://plants.usda.gov/). 

The origin of species was also determined from these databases.  

Land-use intensity - including agriculture, forestry, mining, road 

infrastructure, etc - was recorded using a three-point scale (0 - none, 1- low, 2 - high), 

based upon a visual assessment in the vicinity of each sampling point. In the same 

way, human disturbance was recorded by noting the amount of recent digging, 

mowing, or cutting of trees in each plot. These two variables were later summed to 

give a single measure of human impact that ranged from 0, where impact was 

minimal to 4 where human land-use and disturbance were greatest.  

To record habitat type, we used the same list of habitats in all regions - grass-

herb, shrubland, open forest, closed forest, and rock. Habitat diversity was then 

determined by counting the number of habitats recorded at each sample location. Tree 

canopy cover in each plot was estimated visually. 

 

Data Analysis 

Variance components of different spatial scales 

All analyses were performed in R (R Development Core Team 2008). The 

contributions of each spatial scale - among regions (global), among roads within 

regions, along elevational gradients (regional), and along transects from roadsides 

(local) - to total variation in species richness and similarity were estimated by fitting 

all variables as random effects within generalized linear mixed-effects models 

(GLMMs; using the R package lme4; Bates & Sarkar, 2007). We fitted the GLMM of 

richness with a Poisson error distribution and logit link. In these analyses, rank 

elevation rather than absolute elevation was used in order to maximize the 

independence of the elevational and regional variables and to account for differences 

in elevational range among regions.  
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Pairwise similarity among plots was measured using Jaccard index and the !-

sim index (Koleff et al., 2003), both calculated in the R package Vegan (Oksanen et 

al. 2008). Because the !-sim index is not sensitive to differences in richness, this 

parameter allowed us determine whether variation in similarity was due to the loss or 

turnover of species. The similarity measures were then used as dependent variables in 

a GLMM, with the hierarchical scales as random effects  - pairwise binary 

comparison from the same region or not, a pairwise binary comparison from the same 

road or not, pairwise Euclidean distance between rank elevations, and pairwise 

Euclidean distance of plot distance from the roadside, assigned 1–3 (Legendre et al., 

2005).  

 

Global scale analyses 

At the global scale, we fitted a generalized linear model of regional richness 

(n=8) dependent on latitude, longitude, and climate type (Table 1.1), and selected the 

best-fit model using Akaike’s Information Criteria (AIC) (Burnham & Anderson 

2002). We also examined the hierarchical clustering of regions based on similarity 

using the average and Ward methods of agglomeration (Legendre & Legendre 1998).  

 

Regional models of elevational species richness gradients 

GLMMs were used to investigate variation in species richness along gradients 

of elevation and distance from roadside. These analyses provided a clearer picture of 

how species richness varied with elevation in the various regions. These regional 

models used a Poisson distribution and logit link, and roads were fitted as random 

effects to account for the nested spatial structure of the data. Elevation and distance to 

road were treated as fixed effects. AIC was used to compare the eight competing 

richness models and determine the best-fit model (that with the lowest AIC; Burnham 

& Anderson 2002). The models were: intercept only, elevation only, distance to road 

only, distance to road and elevation- separate models with elevation as both a single 

term quadratic equation, and finally the interaction of elevation and distance to road 

with elevation as both a single term quadratic equation (Table 1.2).  
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Table 1.2. AIC scores from models of species richness, where k is the number of paramters, predicted 
by intercept only, elevation (elev), quadratic equations of elevation (quad elev), distance to road (dist 
road), and the interaction of elevation and distance to road. Bold values indicate the best-fit models 
with the lowest AIC score. 

Model variables k 
Australian 
Alps 

Montana- 
Yellowstone 
NP 

Oregon 
Blue 
Mountains  

Swiss 
Alps 

Tenerife 
Canary Isl. 

South 
Chile 

Central 
Chile 

Hawaiian 
Islands 

intercept only 2 1405 627 1426 220 377 702 385 432 

dist road 4 726 445 1156 195 368 654 371 NA 

Elev 3 1340 458 748 195 273 500 166 212 

quad elev 4 1250 448 735 189 240 491 167 196 

elev + dist road 5 661 276 478 172 264 452 152 NA 

quad elev + dist road 6 571 266 465 167 231 443 153 NA 

elev x dist road 4 641 257 431 173 268 455 155 NA 

quad elev x dist road 10 541 236 406 171 238 447 158 NA 

 

A two-sample t-test was used to compare the influence of conservation status 

(i.e. comparing regions with and without a conservation designation such as national 

park or national forest) upon the decline in species richness with distance from the 

road. In three regions - Montana-Yellowstone National Park, Blue Mountains Oregon 

USDA National Forest, and Kosciuszko National Park in the Australian Alps - most 

of the area surveyed was protected; in contrast, the study areas in South Chile, Central 

Chile, and Tenerife were the property of many smaller landowners and had at most 

limited protection status. Because the Swiss Alps had so few non-native species and 

the Hawaiian Islands had only roadside plots these regions were excluded from this 

comparison.  

 In mountainous regions, the most intensively used land is usually at lower 

elevations, and these areas also have the highest richness of non-native species. To 

investigate whether this was also the case in our study areas, we calculated Spearman 

rank correlations of species richness against land-use intensity, habitat diversity, 

elevation and canopy cover (Appendix A1.3). 

 

RESULTS 

Factors at multiple spatial scales explain variation in non-native plant species 

richness and similarity  

A total of 375 non-native taxa were identified to species level. A majority of 

these (210 species) were of Eurasian or circumboreal origin, of which approximately 

150 species (40% of total species pool) were native to temperate Europe. The other 
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165 species came from North America (28), South America (28), the Americas (25), 

Africa (16), tropical Asia (13), Australia (9), east temperate Asia (4), or the Pacific 

region (4). The remainder were pantropical (20), or of unknown origin (18). 

Non-native species richness varied greatly among regions, along elevational 

gradients, and with distance from roadsides. Region and elevation each accounted for 

43% of the variation in richness explained by the model, while distance from the road 

accounted for 11%, and different roads only 3% (Figure 1.1). In contrast, region 

dominated variation in similarity, accounting for 76% of variation using the Jaccard 

index, and 89% using the !-sim index, while roads accounted for 20% and 10% of 

variation, respectively. In the same analysis, elevation accounted for only 2% of 

variation using the Jaccard index, and even less using the !-sim index. In all regions, 

distance from the road explained little of the variation in similarity, regardless of the 

measure used; this was because most species (mean=80%, s.d.=20%, Figure 1.2) 

occurred both along roadsides and in adjacent natural habitats. Thus, although species 

richness declined with distance from roadsides (Figures 1.1 & 1.5), the effect of this 

decline upon similarity was much smaller than the effect of elevation (Figure 1.2).  

 
Figure 1.1. Variance components of generalized linear mixed-effects models of richness and similarity. 
The variables distance to road, rank elevation, road, and region were all fit as random effects.  
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Figure 1.2. (a) Percentage of the total species pool found in each of the quartiles of the elevation range 
grouped by region. (b) Percentage of the total species pool found at each distance from road grouped 
by region. 
 

Variation between regions 

Most non-native species (73%) were found in only one of the eight regions, 

and 97% were found in three or fewer. Of the non-Eurasian species, only two 

occurred in three regions (Cynodon dactylon and Sporobulus indicus), and then only 

at low elevations, while six Eurasian species occurred in six regions (Figure 1.3). 

Furthermore, 43 of the 50 most frequently recorded species were native to temperate 

Europe (Figure 1.3). There were positive correlations between the number of regions 

where a species was found and the total frequency of the species (r=0.77) (Figure 

1.3), as well as the number of regions and maximum elevation a species reached 

(r=0.59). 

The number of non-native species sampled varied from 162 on the Hawaiian 

Islands to 19 in the Swiss Alps (Table 1.1). Differences in richness were best 

explained by longitude and climate type (AIC=78; R2=0.82), followed by longitude 

and latitude (AIC=78, R2=0.77), longitude (AIC=82), and latitude (AIC=86). The 

effect of longitude reflected the contrast between old- and new-world regions. 
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Figure 1.3. The fifty most frequent species of the survey and the corresponding frequency of 
occurrence within in each of the survey regions. 
 
 

The maximum similarity between regions, based upon all species, was 

approximately 30% (Figure 1.4a). The first dichotomy in the cluster analysis 

separated the old- and new-world regions. Because most of the non-native species in 

the Swiss Alps and on Tenerife (Old World) were of American and Asian origin, 

while the commonest species in the New World (including the Australian Alps) were 

of Eurasian origin, there was little similarity between old- and new-world regions. 

The second dichotomy was weakly correlated with climate; thus, one cluster was 

formed by the three warm, dry regions (Hawaiian Islands - leeward low elevations, 

Australian Alps and South Chile; see Appendix A1.2 for the comparison of climates), 

which shared approximately 18% of species, and another by the adjacent temperate 

regions, Montana-Yellowstone NP and the Blue Mountains Oregon. Despite their 

proximity, the two Chilean regions were not the most similar to each other. Similar 

dichotomies among regions were obtained in analyses performed using only species 
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recorded at least 20 times, and only species native to temperate Eurasia (Figure 1.4b). 

This suggests that patterns of similarity among regions were determined largely by the 

widespread Eurasian species. 

 

Figure 1.4. Hierarchical clustering of Jaccard dissimilarity measures of species composition among 
regions. All roads were most similar to those within the sampling region (not shown). Panel (a) 
clustered by Ward linkage. Panel (b) the average regional dissimilarity based on Jaccard dissimilarity 
measured using Eurasian species that occurred in at least two regions.  
 

Regional species richness gradients in response to elevation and local 

disturbance  

Species richness peaked in the lower third of the elevational gradient near 

roadsides, and declined with increasing elevation and distance from road in all regions 

(Figure 1.5). Human impact, based on a combined measure of land-use intensity and 

plot disturbance intensity, was also highest at low elevations, and was correlated with 

non-native species richness (Appendix A1.3). Only in the Australian Alps and on 

Tenerife was there a clear hump-shaped pattern in species richness with elevation. In 

the Hawaiian Islands the decline in richness in response to elevation was best 

characterized by having a slight hump-shaped relationship or inflection, as in seven of 

the eight regions (Table 1.2). In Central Chile, in contrast, the best-fit model was a 
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monotonic decline in richness in response to elevation and distance to road. In three 

regions (Swiss Alps, Tenerife, and South Chile), the best-fit model was a quadratic 

equation of elevation and distance from road. In the three remaining regions 

(Montana-Yellowstone NP, Blue Mountains Oregon, and the Australian Alps), 

species richness declined away from the road more steeply as elevation increased; 

hence the best-fit model contained an interaction term for distance to road and 

quadratic elevational variable (Table 1.2 and Figure  1.5).  

 
 
Figure 1.5. Fitted relationships between elevation (elev) and non-native species richness in plots at 
increased distance from roadsides (dist; at the roadside (solid), and centered at 25 m (dashed), and 75 m 
(dotted) from the road). The largest points are roadside plots; the smallest points 75 m from the 
roadside. 
 

The three regions with important interactions were regions where habitat was 

protected for conservation (i.e. national park or national forest). In these areas, species 

richness also declined more steeply with distance from the road than it did in 

unprotected regions (significant difference in regression slopes; t = -8.75, df = 3.98, P 

" 0.001). Indeed, in the two Chilean regions - neither of which was protected - the 

total number of non-native species actually increased with distance. 
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DISCUSSION 

Processes at multiple spatial scales shape patterns of plant invasions in 

mountains 

Our results demonstrate that the distribution of non-native plants in 

mountainous regions is shaped by factors operating at a broad range of spatial scales. 

Thus, large-scale factors (in the order of 1,000’s of kilometers) such climate and 

historical patterns of trade and migration determine the pool of species that can occur 

in a particular region. Within this region, factors such as elevation (varying in the 

order of 100's of kilometers) are important in explaining the assemblages of non-

native species. And at a local level, factors associated with disturbance - which scale 

in the order of 0.1 kilometer - interact with broader scale factors to form idiosyncratic 

patterns of richness and similarity. That ecological patterns should be determined by 

processes varying over such vastly different spatial scales may be a particular 

characteristic of biota that have assembled only recently (i.e. the past 200-500 years) 

as a result of anthropogenic activities.  

 

Introduction history and climate shape global patterns 

The high dissimilarity of regional species pools indicates the importance of 

introduction histories for patterns of plant invasion. Thus, although a few species were 

recorded in several regions, most occurred in only one or two. Similar long-tailed 

distributions of relative abundance have been reported for non-native species in other 

studies, for example in US National Parks (Allen et al., 2009) and on oceanic islands 

(Kueffer et al. 2010). Two factors were especially important in accounting for this 

dissimilarity. First, because many species were of Eurasian origin, they were not 

recorded as non-natives in the Swiss Alps and Tenerife, which explains the high 

dissimilarity between the old- and new-world regions. Second, while approximately 

90% of the non-Eurasian species were found in a single region, many species native 

to Eurasia occurred in at least two regions and therefore contributed to the similarity 

between regions. Importantly, Eurasian species were shared equally among all pairs 

of new-world regions despite the large geographic distances separating them. The 

geographically isolated Australian Alps, for instance, shared 36 species with the Blue 

Mountains of Oregon, 38 with the Hawaiian Islands and 42 with South Chile. Thus, 
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while non-Eurasian species were restricted to particular regions, local Eurasian 

species pools represented sub-samples of a globally dispersed species pool. No doubt 

this reflects the colonial history of the new-world regions, with non-native species 

associated with the introduction of European agricultural practices (see below). 

The inconsistent effect of geographic distance on similarity between regions 

probably reflects local climatic variation and the different histories of introduction. 

For example, although the non-native floras of nearby Montana-Yellowstone NP and 

Blue Mountains Oregon were closely similar, those of South and Central Chile were 

dissimilar. Normally a steep decline of richness in response to latitude is expected 

(Field et al., 2009), but the importance of historic factors may override this, which 

would explain why richness was related only weakly to latitude.  However, there was 

some tendency toward climatic structuring of similarity among the new-world 

regions, for instance in the clustering of regions with a Mediterranean climate (South 

Chile, the Australian Alps and Hawaii, which also has a Mediterranean climate in 

leeward lowland locations). And the warmer and wetter sites of the New World 

(Appendix A1.3) had more species than the temperate dry sites, which may be due to 

higher available energy or more favorable conditions for plant growth (Field et al., 

2009).  

 

Climatic filtering along regional elevational gradients 

At a regional scale, patterns of species richness and similarity along 

elevational gradients were highly consistent. In all regions we found a decline in non-

native species richness with elevation, confirming the trends previously reported from 

individual regions (Daehler, 2005; Marini et al., 2009; Pauchard et al., 2009;). A 

hump-shaped distribution was found only in two regions, indicating that species 

richness patterns of non-native species tend to be different from those of native 

species, which usually peak at mid-elevations (Nogues-Bravo et al., 2008). The fact 

that a similar decline was recorded in all regions allows us to rule out some potential 

causes for this pattern. Thus, the decline is unlikely to be related to available area, 

since this does not decline consistently with elevation in all regions; and it is unlikely 

to reflect time lags in dispersal to higher elevations, because dispersal along roadsides 

was probably effective in some if not all regions (Alexander; et al., 2009a). We 
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conclude that the decline was due, at least partly, to human land-use, which was 

usually most intensive at lower elevations. The decline in richness in temperate 

regions may also be related to low temperature (Marini et al., 2009), while on the 

Hawaiian Islands it may reflect a combination of low temperature and increased 

evapotranspiration stress at high elevations (Haider et al., 2010; Jakobs et al., 2010); 

thus, the decline in species richness with increasing elevation reflects differing 

environmental gradients in different regions. We conclude, therefore, that species 

introduced into disturbed habitats at low elevations are progressively filtered out by 

the increasingly harsh climatic conditions along an elevational gradient, though the 

particular factor accounting for this harshness may vary (Alexander et al., 2011).  

 

Distance from roadside and stochastic processes at the local scale 

Lower non-native richness away from roadsides has been reported in several 

studies (Gelbard & Belnap, 2003; Pauchard & Alaback, 2004a; Arteaga et al., 2009), 

and could have several causes. For example, it could reflect the intentional sowing of 

certain species along road verges, or differing environmental conditions at the 

roadside, or greater habitat resistance away from the road. In our survey, invasion 

away from the road was lowest in the three regions with protected areas, and 

especially where dense forest occurred along much of the elevational gradient. 

Furthermore, invasion away from roadsides declined with increasing elevation, 

indicating an interaction between processes operating at regional and local scales. 

This could be due to decreased human land-use intensity, lower colonization pressure, 

or greater resistance to invasion of more natural communities at higher elevations, any 

of which would also explain why the interaction was strongest in the regions with 

protected areas. The effect upon species richness of distance from the road was only 

slightly less than the effect of elevation, highlighting how community resistance can 

be effective over short distances (< 100 m). Indeed, in some regions - especially the 

Australian Alps - species richness at 75 m from the roadside was very low and 

independent of roadside species richness, indicating that colonization pressure could 

not overcome habitat resistance. In general, patterns of similarity at the local scale 

were hard to predict and were probably contingent upon a series of interactive 

processes that changed along the elevational gradient.  
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Interactions among spatial scales: the global dominance of Eurasian species 

Patterns of non-native plant richness and similarity in mountains can be best 

understood as the product of introduction history and climate at a global scale, 

climatic filtering along regional elevational gradients, and habitat and stochastic 

factors at a local scale. This interaction is well illustrated in the striking 

preponderance of Eurasian species in the non-native flora of mountains worldwide. A 

comprehensive compilation of published non-native mountain floras worldwide has 

also confirmed the dominance of Eurasian species (McDougall et al., 2010). The 

migration of European settlers to the Americas and Australia since the 16th century led 

to the introduction of a wide range of European species, especially those associated 

with agriculture as either forage crops or weeds (e.g. Mack & Lonsdale, 2001; 

Daehler, 2005; Crosby, 2004; Gravuer et al., 2008). The dominance of European 

species can therefore be understood partly by their preadaptation to European pastoral 

agriculture (Di Castri, 1988; McDougall et al., 2010).  

It is striking that many European species were not only present in several 

regions, but occurred along the entire elevational gradient within those regions. The 

dominance of European species might therefore also be related to their broad climatic 

plasticity. The native ranges of many of these species extend from the Mediterranean 

to the boreal zone, and from the Atlantic coast to continental climates in eastern 

Europe, Russia, or temperate Asia. Many Eurasian species have also experienced 

recurrent climatic oscillations in the past related to glacial cycles, which may have 

further selected for broad climatic tolerances (Dynesius & Jansson, 2000).  

 

CONCLUSIONS 

Non-native species are influenced by processes operating over a wide range of 

spatial scales, and a multi-scale approach is therefore required to understand their 

distribution patterns. The processes involved include global dispersal through human 

agency, filtering along elevational gradients, and differential establishment depending 

upon disturbance. The fact that variation in richness was equally accounted for by 

regional differences at the global scale and elevation at the regional scale highlights 

the importance of global dispersal in recent community assembly of non-native plant 

species. Ideally future research will concentrate on the assembly of native and non-
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native species along the elevational gradient, phylogenetic relatedness, 

homogenization, and the implications of global change on floras in mountainous 

regions. 
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CHAPTER 2 

The dynamics of stability: stable elevational range limits of non-
native plants despite high population turnover 
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ABSTRACT 

Monitoring the elevational limits of species is a potentially sensitive means of 

detecting effects of environmental change. However, the elevational limits of many 

species are difficult to define, being represented by a zone where there is an 

approximate balance between establishment and extinction of local populations. The 

aim of this study was to investigate the distribution and population turnover of non-

native plant species along elevational gradients in the Swiss Alps. For this purpose, 

we repeated a survey performed six years earlier of 230 ruderal sites ranging in 

altitude from 200 m to 2400 m a.s.l.  

We found little change between surveys in the elevational ranges of species, 

suggesting that most of them have reached their current limits. For most species, 

however, there was considerable turnover of populations throughout the elevational 

range, and especially towards the upper limit.  Our results suggest the range limits of 

non-native species in mountains are determined by a combination of both 

physiological limits and demographic instabilities. 

Because the species boundaries of ruderal plants are zones of declining 

abundance and high population turnover, merely recording the highest occurrence of 

population does not provide reliable information about elevational limits. Instead, a 

relatively extensive sample of populations spanning the transitional zone is needed to 

be able to detect possible shifts in distributions.  
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elevation gradient, European Alps, invasive species, metapopulation, mountain, 

population turnover, range margin 
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INTRODUCTION 

The geographical distribution of many species is shifting, either as a result of 

them being introduced into new regions or through changing environmental 

conditions (Gaston 2003, Py#ek and Hulme 2005, Kawecki 2008). These changes are 

reflected in dynamic range margins where, depending upon whether conditions are 

becoming more or less favorable, there may be either a net increase or decrease in 

local populations. Thus, information about the dynamics of marginal populations may 

be crucial for understanding the current and future distributions of species. It is 

particularly convenient to study the range margins of species along steep 

environmental gradients such as elevation (Normand et al. 2009, Pauchard et al. 

2009), because these are likely to respond sensitively to changing environmental 

conditions (Normand et al. 2009, Gilbert and Liebhold 2010). 

 By definition invasive species are characterized by a rapidly increasing range. 

In lowland areas, non-native species have been reported to spread as fast as 100-300 

m y-1 at local spatial scales and 2-10 km y-1 at regional spatial scales (Py#ek and 

Hulme 2005), and some species have been able to cover much of the globe within just 

a few decades (Py#ek and Hulme 2005). In most mountainous regions, non-native 

plant species richness peaks in the lower third of the elevational gradient and declines 

rapidly as elevation increases (Becker et al. 2005, Seipel et al. 2011). A global 

analysis suggests (Pauchard et al. 2009, McDougall et al. 2011) that this very 

restricted invasion of high elevation sites is because non-native species are normally 

introduced to lowland areas from which they may subsequently spread or disperse to 

higher elevations. Although some generalists are able to establish populations across a 

broad range elevational, most species are filtered out by the increasingly harsh 

environment at high elevations (Alexander et al. 2011).  

In most cases, it is unknown whether particular non-native species have 

reached their elevational limits or are still expanding (Py#ek et al. 2011). There is 

some evidence that longer established non-native species reach higher elevations 

(Becker et al. 2005, Haider et al. 2010), which has been interpreted as the result of 

long-term expansion possibly involving local adaptation. On the other hand, most 

non-native species show similar distributional limits to those in their native range 

(Alexander et al. 2009, Alexander and Edwards 2010), suggesting that they have 

reached the limits of their climatic niche and thus range limits may be stable. If 
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climatic conditions change, however, we would in both cases expect correlated 

changes in the ranges - detectable through repeated surveys along elevational 

gradients. This has been demonstrated for many native species in the European Alps, 

which have shifted their distributions to higher elevations, apparently because of 

warmer conditions in recent decades (Grabherr et al. 1994, Pauli et al. 2007, Lenoir et 

al. 2008)  

Species are usually assumed to be most abundant and best adapted to 

conditions at the core of their distributions though there is some evidence to the 

contrary (Sagarin and Gaines 2002, Holt et al. 2005, Angert 2009, Gerst et al. 2011). 

In the case of non-native species in mountains, we would therefore expect the largest, 

and most stable populations to occur at low elevations, since most are lowland species 

(Alexander et al. 2009, McDougall et al. 2011). We would also expect to observe 

more dynamic populations at the upper margin of a lowland species’ range, where 

increased environmental stochasticity, spatial isolation, and a harsh environment 

promote rapid extinction and colonization cycles (Laurance 2002). Thus, the range 

limits would be represented by a zone where there was an approximate balance 

between the extinction of local populations and the establishment of new populations 

originating from lower elevations.  

In this study we investigate the distribution and population turnover of non-

native plant species in the Swiss Alps. Our main aim was to study how population 

turnover changes along an elevational gradient, in order to determine the stability of 

range limits in mountainous regions. For this purpose we repeated after an interval of 

6 years a survey of non-native species first performed by Becker et al (2005) in 2003. 

Our specific research questions were:  

1. Does population turnover increase towards the upper elevational range margin of 

non-native species? 

2. How stable is the upper elevational range limit of non-native species? 

3. Did non-native species richness and composition change between 2003 and 2009, 

and was this increase more pronounced at higher elevations? 
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METHODS 

In 2003, Becker et al. (2005) investigated the elevational distribution of non-

native plant species in Switzerland, using a sample of 230 sites located near roadsides 

or at railway stations and ranging in elevation between 200 and 2400 meters above 

sea level. We resurveyed these sites in 2009, visiting them at the same time of year 

(individual sites were recorded between July and September) and following exactly 

the same procedures. At each site, two trained botanists searched different areas for 

30 minutes and estimated the abundance of all non-native species using a four point 

scale: 0 (absent), 1 (1-10 individuals), 2 (10-100 individuals) and 3 (greater than 100 

individuals). The two sets of records were then combined to yield one list for each 

site. 

To estimate the error in recording species, we revisited three sites at low, 

middle and high elevations  (Richterswil 400 m a.s.l., Einsiedeln 900 m a.s.l., 

Ibergeregg Pass 1600 m a.s.l.) and made a detailed study of the species present. First, 

each site was recorded independently by 3 or 4 observers following the standard 

procedure; then the site was searched thoroughly by the entire group in an effort to 

record all non-native species. The species lists of the various observers were then 

compared to all of the known non-native species found in the intensive search and 

used to gauge the probability of detection of species at sites (Moilanen 2002).  

 

Data analysis and comparison of years 

The following statistical analyses were performed in R (R Development Core 

Team 2009): 

1. To compare species richness between years we calculated three generalized linear 

mixed models of non-native species richness at sites. All models had the random 

effect of sites. The three models differed in inclusion of year as a fixed effect, the first 

model had only elevation, the second elevation and year with no interaction, and the 

third the interaction of year and elevation; all models had a Poisson distribution and 

log link. We compared the different nested models using likelihood ratio tests. 

2. To investigate whether the probability of occurrence of individual species along the 

elevation gradient changed between 2003 and 2009, we fitted three generalized linear 



Population dynamics of non-native plants in mountains 

 

43 

mixed effects models with a binomial distribution and logit link. The response 

variable was presence-absence of a species within sites and the predictor variables 

were elevation of each site, elevation and year of the sample, and the interaction of 

elevation and year. We compared the different models using a likelihood ratio test; P-

values were derived using a Chi-square test.  

3. To investigate population turnover of individual species, we calculated the 

probability of populations establishing or disappearing at different positions along the 

elevational gradient. To do this we first assigned a value of 1 to those populations that 

changed between 2003 and 2009 (i.e. either established or disappeared) and a value of 

0 to those that did not change. A generalized linear model was then fitted for each 

species using a binomial error distribution and logit link. Additionally, for each 

species the ratio of populations that turned-over to those that remained constant 

between sampling years was calculated within each of four 25% elevational quartiles. 

For each of the 29 most common species (those found in at least 10% of plots), we 

then fitted a mixed-effects model using the ratio of turnover as the response, quartile 

of the elevation range as a fixed effect, and species as a random effect. Species was fit 

as a random effect because each species had four turnover ratios one for each quartile.  

4. To investigate species turnover at individual sites, we summed the number of 

species establishing or disappearing between 2003 and 2009, and related these values 

to the changes in species richness at sites between the sampling years. We also fitted a 

linear mixed model to examine the population turnover at each site, in which the 

response variable was turnover at sites, elevation the fixed effect, and difference in 

richness a random effect. To judge how well the model characterized the data we 

compared intercept only models using likelihood ratio tests. 

5. To measure change in species composition at sites and to investigate possible 

regional and elevational trends, we calculated dissimilarity between years for each site 

using the Jaccard and Beta-sim indices. The latter index has the advantage of not 

being sensitive to differences in species richness (Koleff et al. 2003). 
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RESULTS 

Detection error 

To investigate detection error, three sites were re-sampled by several 

observers, and then observations were compared to all known species at a site 

following a more intensive search. The mean detection error was 20% of species, 

though this value varied, being highest at lower elevations (Appendix A2.1). The 

probable reason was that the lower sites were more difficult to search, being not only 

richer in species but also more disturbed (Figure 2.1).  

 

Figure 2.1. Fitted models of richness of non-native species from 2003 and 2009 along the elevation 
gradient; gray shading indicates the 95% confidence interval for the coefficient estimates. The 
difference in richness at sites is proportional to the mean and largest at the low elevations when 
considering all species (a), and when considering only common species found in at least 10 % of plots 
(b).  

 

Abundance and turnover of individual species 

The rank abundance of species was almost identical between years (Table 

2.1), with very few changes in rank order amongst the 20 most abundant species. 

However, fewer populations of most species were sampled in 2009 than in 2003. 

Thus, 103 species were recorded at fewer sites, while only 58 species were more 

frequent, and 17 species were equally frequent. At a site level, the smaller number of 

populations was reflected in fewer species per site in 2009 (Figure 2.1), but the shape 

of the richness curve did not change; thus, despite differences among years (All 

species- likelihood ratio $2
1 =45.86, P<0.001; Common species- likelihood ratio 

$2
1=45.12, P<0.001), there was no significant interaction between year and elevation 
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for either all or common species richness curves (likelihood ratio $2
1<0.001, P=1). 

The average site difference in richness between years was 2.7 species, but the 

difference was significantly greater at low elevations (F1,225=31.88, P<0.001), and the 

variance increased with the number of species. Eighteen of the 29 most common 

species showed a significant decline in frequency, which averaged 10% and was 

greatest at lower elevations (Figure 2). Of the 29 most common species, five had an 

almost equal probability of occurrence across the elevation gradient. The other 24 

declined steeply towards a mid-elevation range limit, or maintained low frequency 

across the gradient with slight increases towards one of the margins (Figure 2.2). For 

six species was there a significant interaction of year and elevation, indicating a 

change not only in frequency but also in the shape of the elevational distribution 

(Figure 2.2).  

The change in species presence between the two survey dates was remarkably 

high. Thus, the population turnover of individual species ranged between 28% for 

Senecio rupestris and 80% for Helianthus annuus, with an average value for all 

species of 52%. For most species, population turnover increased with elevation, with 

the increase often being associated with a sharp decline in species occurrence (Figure 

2.2). Average population turnover for a species was greatest in the third quartile of the 

elevational gradient, where most species reached their high elevation limits. The 

linear mixed model of population turnover based upon elevational quartiles fitted the 

data significantly better than an intercept-only model (likelihood ratio $2
3=12.81, 

P=0.005; Fig. 3). Most species showed a gradual decrease in population turnover as 

the probability of occurrence increased (Figure 2.4a), although population turnover of 

some species decreased drastically as the probability of occurrence increased (e.g. 

Senecio rupestris and Lupinus polyphyllus) (Appendix A2.2). Overall abundance was 

weakly positively correlated or unrelated to probability of occurrence (Figures 2.2 & 

2.4b). 
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Figure 2.3. The ratio of populations that turned-over to those that remained constant calculated for 
each species and grouped by elevation quartile.  

 

 

Figure 2.4. The relationship of turnover of populations (a) and abundance (b) to the probability of 
occurrence for the 29 common species. Appendix A2.4 has all species labeled. Abundance is shown in 
log 10 form where 1 is 1-10 individuals, 2 is 10-100 individuals and 3 is greater that 100 individuals. 
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Table 2.1. Variation in the relative species abundance between the two sample years years for the 29 
most common species (those in more than 10% of plots in both 2003 and 2009). Species are ranked in 
descending order based on 2009 frequency at sites. 

Species 
Change in rank 
from 2003 Abundance 2009 Abundance 2003 

Matricaria discoidea 0 122 156 
Bromus inermis 0 110 127 
Conyza canadensis 0 104 111 
Erigeron annuus 2 84 89 
Trifolium hybridum -1 77 103 
Euphorbia peplus -1 70 90 
Eragrostis minor 8 62 54 
Solidago canadensis 2 59 76 
Cerastium tomentosum 17 55 23 
Galinsoga ciliata -1 55 81 
Portulaca oleracea 2 51 62 
Buddleja davidii 2 50 57 
Amaranthus retroflexus -2 47 68 
Oxalis Fontana -5 46 80 
Robinia pseudoacacia 5 45 49 
Senecio rupestris 1 43 53 
Oenothera biennis -1 35 53 
Impatiens parviflora 0 34 52 
Aurinia saxatilis 9 33 22 
Lepidium virginicum -1 28 51 
Echinochloa crus-galli -9 27 63 
Panicum capillare -1 26 31 
Reynoutria japonica -1 24 29 
Lupinus polyphyllus 0 23 25 
Veronica persica -18 22 86 
Artemisia verlotiorum -1 20 24 
Diplotaxis tenuifolia -1 20 24 
Helianthus annuus 1 18 20 
Oxalis corniculata -6 16 26 

 

Species composition of sites 

The species composition of sites varied between 2003 and 2009 (Appendices 

A2.3 & A2.4). The largest differences in common species were spread across the 

entire study area and not spatially clustered. The largest similarity differences were 

caused by the common species. However, there were also changes among the rare 

species, with several species present in 2003 not being recorded in 2009, while three 

species - Carpobrotus edulis, Eschscholzia californica, and Caragana arborescens - 

were recorded for the first time. Using the Jaccard similarity index, plots were on 

average 30.8% (s.d.= 23.2 %) dissimilar between years when all species were 

included, and 48.6% dissimilar (s.d.= 23.4 %) when only the most common species 
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(those in greater than 10% of sites) were considered. Using the Beta-sim index, which 

is insensitive to richness differences, sites were 34.9% (s.d.= 23.2) dissimilar when 

considering all species, and 21.5% (s.d.= 22.1) different when considering only the 

most common species.  

For species turnover at sites, the linear mixed model based upon elevational 

quartiles fitted the data significantly better than the intercept-only model (likelihood 

ratio $2
3=108.51, P<0.001). However, unlike for population turnover, species turnover 

per site was greatest in the first and second elevation quartiles and correlated with site 

richness; average species turnover per site in each quartile was 7.7, 7.6, 4.8, and 3.7 

respectively.  

 

DISCUSSION 

Patterns of species richness  

The numbers of species per site declined strongly with elevation in both 2003 

and 2009, with very few species being recorded at sites above 1500 m. At low 

elevations we found fewer species in 2009 than 2003 while there was no difference at 

higher elevation. An interesting possible explanation for the higher richness at low 

elevations in 2003 is the extremely warm summer in that year (Schär et al. 2004) that 

allowed establishment of populations that were only temporarily viable. Indeed most 

of the common low elevation non-native species are ruderal plants that are adapted to 

warm and dry conditions (see Appendix A2.5). The average Landolt temperature 

indicator value (T=4.28) across all species indicates that most non-native species in 

the Swiss Alps originate from the colline and warm colline areas. The greater 

predictability of the non-native flora at higher elevations can be explained by a 

process of lowland introduction and subsequent ecological filtering along the 

elevation gradient, this ensures that only generalist species are capable of growing 

under a broad range of conditions occur at higher elevations (Alexander et al. 2011). 

These species are less vulnerable to year-to-year climate variability and are therefore 

more consistently recorded across years. 

 

 



Chapter 2 

 

50 

Greater dynamics at the range margins 

The populations of most non-native species were very dynamic, with over half 

of all populations recorded in either 2003 or 2009 not being recorded at the other 

survey date. This level of turnover is considerably higher than the apparent turnover 

due to observer error (mean 20%). It was striking that the highest percentage of 

population turnover among common species occurred at the range limits (e.g. Conyza 

canadensis and Erigeron annuus). The most probable reason for these results is that 

plants growing at the range margin are close to their physiological limits and 

populations are therefore more vulnerable to fluctuations in abiotic conditions (Lande 

1993, Holt and Keitt 2000). This, in turn, means that populations, tend to be more 

isolated, and more prone to local extinction because populations have a lower 

probability of being rescued by propagules from adjacent populations (Carter and 

Prince 1981, Carter and Prince 1988, Gotelli 1991). Thus, for most lowland species, 

the range margin or invasion front represents an equilibrium between extinction and 

re-establishment from propagules originating from core populations (Gotelli 1991, 

Gaston 2003, Kawecki 2008).  

A seemingly paradoxical result is that the population turnover of common 

lowland species was greatest in the third quartile of the elevation range, whereas the 

turnover of species at sites was highest in the lower quartiles. This paradox can 

readily be explained by an equal extinction rate along the elevation gradient and a 

weak relationship between abundance and probability of occurrence. A large 

proportion of the species only occur at low elevations, which accounts for the higher 

species turnover in lowland sites. Among the common species the proportions of 

populations turning over (i.e. disappearing or establishing) was highest towards the 

range limit, which for many common species was in the third elevational quartile. 

However, these populations were more sporadic, resulting in a larger proportion of 

population change. The declining quality of habitats may also play a role, with plants 

towards their elevational limits producing fewer propagules. Additionally, the 

suitability of habitat at the margin is likely to vary widely from year to year, leading 

to a pulsing of the processes of extinction and establishment. This interpretation is 

supported by the work of Tritkova et al. (2010, 2011), who investigated the 

performance of E. annuus at different elevations in the Swiss Alps. The authors found 

that E. annuus grew equally well in common gardens at 400 and 1000 m a.sl. 
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However, molecular studies showed less genetic diversity within populations at 

higher elevations, and greater variation amongst populations, indicating a greater 

turnover of populations (perhaps because of lower winter survival), with 

recolonization from the lowlands.  

The relatively low population turnover in the uppermost quartile can be 

explained by the fact that very few non-native species occur at such high elevations, 

and these appear to be well adapted to the prevailing conditions. Once again, the 

process of ecological filtering may ensure that the species reaching these elevations 

form relatively stable populations. Species found in the fourth quartile of gradient had 

flat probability of occurrence distribution along the gradient indicating they are 

equally adapted to low elevations and high elevation (e.g. Matricaria discoidea). 

 

Detecting changes in the elevational limits of species 

Monitoring the elevational limits of species is often recommended as a 

sensitive means of detecting effects of environmental change. In particular, tree lines 

(i.e. the boundary beyond which woody species no longer occur) are often well 

defined and easy to record. However, because trees growing at their environmental 

limits grow very slowly, tree lines usually respond to changing environmental 

conditions gradually, and changes may only be observable over decades or even 

centuries. In contrast, upward shifts over shorter periods have been reported for native 

herbaceous species in the European Alps (Grabherr et al. 1994, Pauli et al. 2007, 

Lenoir et al. 2008).  

Most of the non-native species investigated in this study had even shorter life 

cycles, being mostly annuals and short-lived perennials. Our results show that for 

such species, the environmental limits are not defined by a sharp boundary but by a 

more or less broad zone over which populations become increasingly unstable. An 

important methodological question, therefore, is whether (and if so how) data from 

repeated surveys of short-lived species can provide information about environmental 

change. Our results suggest that despite high turnover of populations, especially 

towards their upper limits, the elevational distributions of most species changed little 

between 2003 and 2009. Thus, their range distributions appear to be stable, and reflect 

an underlying dynamic equilibrium of local extinction and colonization. This, in turn, 
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suggests that most non-native species in the study area have reached their niche 

boundaries, and that the observed pattern of decreased richness with elevation is not 

the result of a non-equilibrium situation (Py#ek et al. 2011). 

The results of this study have important implications for monitoring of 

environmental change. In particular, because species boundaries are zones of 

declining abundance characterized by high population turnover, merely recording the 

highest occurrence of population does not provide reliable information about 

elevational limits. Instead, a relatively extensive sample of populations spanning the 

transitional zone is needed to be able to detect possible directional changes in this 

zone. Given an adequate sampling design, however, monitoring of short-lived plants 

offers a potentially sensitive method for detecting changes in environmental 

conditions. 
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INTRODUCTION 

The range or distribution of a species is the basic unit of biogeography 

(MacArthur 1972, Guisan and Zimmermann 2000, Gaston 2003, MacKenzie et al. 

2006). The range limit, the edge of the species distribution, is of particular importance 

for understanding the effects of environmental change on species distributions (Holt 

and Keitt 2005). Future climate and land use changes will alter range limits of many 

species around the world, with species ranges expanding, contracting, or otherwise 

shifting in response (Gaston 2003, Pearson and Dawson 2003, Parmesan et al. 2005). 

If we wish to assess the effects of global change on species distributions, it is 

important first to understand the factors determining their range margins (Gaston 

2009). 

Both individual performance and the processes of colonization and extinction 

may vary from the core to the edge of a species distribution (Holt and Keitt 2000, 

Gaston 2003). In general, the environment is most favorable at the core of a 

distribution, and the range limit can be explained by declining fitness towards the 

margin. Various authors have suggested that the abundance of a species typically 

declines towards the margin (Sagarin and Gaines 2002, Sagarin et al. 2006) because 

of metapopulation processes (i.e. greater probability of extinction or lower probability 

of colonization) and reduced individual performance (Gaston 2003, Lee et al. 2009). 

However, the evidence for such a pattern - sometimes referred to as the ‘abundant 

center hypothesis’ – is very limited, partly because abiotic and biotic factors vary both 

in time and in space, making the direct causes of the range limit difficult to elucidate 

(Holt and Keitt 2005). More empirical studies are therefore needed to understand the 

interaction of range expansion, adaptation, and environmental limits (Holt et al. 2004, 

Sagarin et al. 2006, Holt 2009). Ideally, such studies should include simultaneous 

measurements along an environmental gradient of individual performance, population 

characteristics, and the spatial distribution of species in the landscape. 

A convenient model system to study the causes of range margins would be a 

well-dispersed species with well-defined limits along a steep environmental gradient. 

Non-native species are especially promising in this respect (Holt et al. 2005, 

Thompson 2007) because they are well-dispersed but often confined to disturbed 

habitat; furthermore, due to their short evolutionary histories in the new range their 

distribution limits can be assumed to be shaped by contemporary ecological forces 
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(Alexander and Edwards 2010). In mountainous regions, steep elevational gradients 

are associated with marked changes in climate. Typically, non-native species decline 

with elevation up to their current range limit (Alexander et al. 2011, McDougall et al. 

2011, Seipel et al. 2011). In some cases, there is evidence that this limit has been 

determined physiologically: for example, it has been found that certain non-native 

species fill similar elevational distributions in both the native and non-native ranges 

(Alexander et al. 2009), and have  a similar probability of occurrence along 

elevational gradients in time (Seipel et al. in prep). However, in other cases there is 

circumstantial evidence that non-native species are still expanding, since older 

introductions have larger ranges than more recently introduced species (Becker et al. 

2005, Haider et al. 2010).  

Our aim was to test whether effects on the individual or populations within the 

metapopulation form the range limits, and additionally to test whether range margins 

are stable. To study the interaction of metapopulation processes and individual 

performance we recorded the location, individual performance, and patch 

characteristics of two non-native herbaceous species - the annual Erigeron annuus 

and the perennial Solidago canadensis - along an elevational transect in Switzerland. 

Both species have lowland distributions and are abundant across much of temperate 

Europe (Weber 2001, Trtikova et al. 2011) and neither reaches high elevations in the 

Swiss Alps. To determine how the range limits of Solidago canadensis and Erigeron 

annuus are formed we ask three questions about performance, spatial distribution, and 

patch dynamics along local elevational gradients in mountainous regions. 1) What 

environmental factors predict species occurrence and the upper elevational range 

limit? 2) Does the performance of individual plants decline along the elevational 

gradient? 3) Do patch colonization and extinction (i.e. metapopulation dynamics) 

differ with elevation?  

This work has both fundamental and practical implications for ecology 

because it provides general insights into the formation of species range limits as 

applied to the factors limiting the distribution of non-native species. Both aspects are 

important for understanding range shifts in the future in relation to climate change. 
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METHODS 

Field sampling: recording location and patch characteristics 

In 2008 and 2010, we recorded all patches of Erigeron annuus (hereafter 

Erigeron) and Solidago canadensis (hereafter Solidago) along the two upper 

tributaries that merge to form the Rhine River in Switzerland (46°49!N 9°24!E). In 

each year, the observations were made during August and September, which is near 

the end of the growing season. The patches were located by cycling from the tops of 

the Lukmanier and Oberalp passes through the Vorderrhein river valley, and from 

Ausserfera through the Hinterrhein river valley, to their confluence at Bonaduz, and 

from there to Sargans (~200 km in total length; Figure 3.1). The transect followed 

marked bicycle routes and the routes were chosen because they passed through areas 

representative of intermountain valleys of Switzerland with large changes in elevation 

and declining occurrence of non-native species. The elevation of the transect varied 

from 480 m to 2050 m above sea level, and the entire route was recorded as a GPS 

track so the exact route could be repeated.  

Every time a patch of either Solidago or Erigeron was encountered within 50 

meters on either side of the bicycle route, the following parameters were recorded: 

GPS location at the patch center, rectangular area covered (where a gap between 

individuals of greater than 20 m was considered a separate patch), and average density 

of ramets within 1 meter-square sample plots. The 1 meter-square plots were chosen 

randomly along a transect that stretched the length of the patch, and the length of the 

patch dictated the number of transects placed, which varied between 1-20 plots. In 

2010, the average number of capitula (Erigeron) or flowering branches (Solidago) per 

ramet and plant height were also measured on a minimum of 5 and maximum of 20 

individuals randomly chosen along the transect by selecting a random point along the 

transect, going a random distance away from the transect line but within the patch, 

and locating the nearest mature individual. The number of measures taken of density, 

height and flower number per patch scaled with the number of individuals in the 

patch. In patches less than 10 meters long, a plot was placed every meter; in larger 

patches, plots or individuals were randomly chosen so that in the largest patches (i.e. 

greater than 50 meters long) at least 20% of the total length was sampled. 
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Models of probability of occurrence and environmental predictors 

All statistical analysis was done in R (R Development Core Team 2009). To 

predict the probability of occurrence of each species along the elevation gradient, we 

converted the GPS track of the route sampled into a point vector, where points were 

spaced at 200 m intervals giving 2785 points. If a study species occurred within 100 

m of a point then this point was assigned a value of ‘present’, otherwise it was treated 

as ‘absent’. We spaced points at 200 m so as not to increase error when assigning 

presences to the nearest point and so as not to exceed the spatial resolution of the GIS 

data used in analysis.  

Changes in elevation cause changes in temperature and pressure across the 

globe (Körner 2003), but elevation is highly correlated with many other regional 

environmental changes. Therefore, to understand the relationship of elevation to 

distributions of plant patches requires examination of the associated environmental 

changes. Using the 2785 points of the converted GPS track, we extracted from Swiss 

GIS databases (Zimmermann and Kienast 1999) the following variables: aspect, 

slope, growing-degree days above 5 C°, average annual temperature, minimum and 

maximum temperatures for each season, occurrence of frost (binomial variables of 

whether seasonal minimum temperature was below 0 C°), human population density, 

distance to nearest building, and land use type (4 levels; Agriculture, Forest, Human 

settlement, Unproductive areas). We did not include precipitation values because of 

low variance at low to mid elevations in the valleys where sampling took place. We fit 

generalized linear models (GLMs) using the binomial family for the occurrence of 

each species, comparing results after (1) fitting each variable in a separate model and 

performing model selection, and (2) performing backward selection of a full model 

containing all variables (Venables and Ripley 2002). We chose the best-fits models 

using information criteria based on lowest Akaike Information Criterion (AIC) 

(Burnham and Anderson 2002). 

To test whether the isolation of patches increased along the elevation gradient, 

we calculated the average distance from each patch to its four nearest-neighbors using 

Euclidean distance and used this as the response variable in a GLM with elevation as 

the predictor. We chose four nearest neighbors rather than the single nearest neighbor 

because many populations consisted of two to three small patches in close proximity, 

with larger gaps between populations especially at high elevations. 
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Patch colonization and extinction 

We fitted probability of occurrence with GLMs using the presence-absence of 

species as the response and elevation as the predictor variable, with a binomial 

distribution and a logit link. We calculated colonization and extinction with the 

occupancy data from 2008 and 2010, scoring patches present in 2010 but not 2008 as 

colonizations, and patches present in 2008 but not 2010 as extinctions. Patches that 

were extant in both years were assigned a zero. We fitted separate GLMs for 

colonization and for extinction with the binary variables as the response and elevation 

as the predictor variable to test if the relationships of colonization and extinction 

significantly differed along the elevation gradient. Each model had a binomial 

distribution and a logit link.  

 

Patch characteristics 

We calculated the following parameters for each of the patches recorded: area, 

average density of ramets, average fecundity (i.e. number of capitula for Erigeron and 

number of flowering branches for Solidago), and average height of plants within the 

patch. We examined each patch characteristic in response to elevation using the 

generalized least squares function, so that we could account for the autocorrelative 

structure of the response variables (Pinheiro and Bates 2000). We compared models 

with and without autocorrelation to test whether patches characteristics changed along 

the elevational gradient. We also graphically examined trends in the maxima of patch 

characteristics from within bins of elevation between 500-700 m, 700-900 m, 900-

1100 m, 1100-1300 m, and 1300-2050. The elevational bins relate approximately to 

changes in topography and human land use, with the intensity of human land use 

decreasing as elevation and steepness of the slope increases.  

While individual patch characteristics may vary with elevation, the covariation 

with elevation of patch characteristics may have larger multiplicative affects on the 

performance of a patch. Therefore, in addition to the individual measures of patch 

performance we calculated a cumulative measure of performance for each patch that 

represents the contribution of fecundity on the landscape. The cumulative output was 

calculated as the total number of capitula for Erigeron and the number of flowering 

branches for Solidago per patch, where cumulative reproductive output per patch = 
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Area (m2) x Average density (ramets/m2) x Average number of Flowers per plant 

(capitula or flowering branches/ramet) We then examined the relationship of 

cumulative output to elevation and the previously described elevational bins. 

 

RESULTS 

Spatial patterns, patch occurrence, and environmental predictors  

We recorded a total of 131 Solidago canadensis patches and 74 patches of 

Erigeron annuus, with both species occurring predominantly below 1000 m above sea 

level (a.s.l.) (Figure 3.1). The probability of occurrence of both species was greatest at 

low elevations, but patches were present in only a small proportion of the available 

2785 points, making the maximum probability of occupancy 2% for Erigeron and 6% 

for Solidago (Figure 3.2). Isolation among patches of Erigeron and Solidago 

increased toward the high elevation range margin, but this was no longer significant 

for Erigeron after the most isolated patch, at 1800 m, was excluded from the model 

(Figure 3.3).  

 

Figure 3.1. The spatial distribution of recorded patches in the Vorderrhein and Hinterrhein valleys 
along the track sampled plotted by Easting and Northing coordinates of Swiss-grid and elevation above 
sea level. The size of the circles represent the area the patch covers, with circles with being 
approximate to the log10 of the area in square meters.  
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Figure 3.2. The probability of occurrence, extinction and colonization between 2008 and 2010 fitted 
for Erigeron annuus and Solidago canadensis along elevational gradient. Probability values indicate 
whether the occurrence, colonization and extinction significantly differ from zero along the elevation 
gradient.  

 

 

 

Figure 3.3. The average distance of the four nearest patches (m), for each patch of Erigeron annuus 
n=74 and Solidago canadensis n=131 in relation to elevation above sea level. Probability of the slope 
being equal to zero is less than 0.001 for both species, but only when the most distant outlier of 
Erigeron is included in the model.  
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For both species, topography, climate, and land use were important for predicting the 

species occurrence, although models had low explanatory power (Table 3.1). Both 

species occurred less frequently than expected on the steeper slopes. Erigeron 

decreased in occurrence as distance to building increased - and distance to the nearest 

building increased hyperbolically above 1500 m. Main land use types were important 

for predicting Solidago, with the greatest number of patches occurring in agricultural 

areas and unproductive areas along water courses and near rivers. Whether spring 

temperatures were below freezing was important for predicting the presence of 

Erigeron, but other climate variables were unimportant. For Solidago on the other 

hand, all general climate variables explained occurrence better that an intercept-only 

model (Appendix A3.1). The correlations between elevation and temperature 

variables were all greater than 90%, with slope 40%, and with land use variables less 

than 10% (Appendix A3.2 A &B).  

 
Table 3.1. Parameters of the best-fit logistic regression models of Erigeron annuus and Solidago 
canadensis presence using backward selection from the full model (parameters listed in Appendix 
A3.1); the models chosen had the largest !AIC. The best-fit model of Erigeron had a !AIC from full 
model = 10.5, the ratio of residual to null deviance was 494/530, and the model had 2723 null degrees 
of freedom. The best-fit model of Solidago had a !AIC from full model = 20.0, the ratio of residual to 
null deviance was 896/958, and the model had 2784 null degrees of freedom  

Erigeron annuus Estimate Std. Error z value P 
(Intercept) 13.89 6.98 1.99 0.047 
Slope steepness 13.85 0.02 -2.27 0.024 
Distance to building 13.88 0.001 -1.67 0.095 
Absolute spring minimum < 0 13.10 0.31 -2.51 0.012 
Absolute spring minimum 15.68 0.72 2.48 0.013 
Mean spring maximum 12.86 0.44 -2.35 0.019 
Solidago canadensis     
Slope steepness -79.55 0.01 -3.40 0.001 
Mean spring minimum -96.58 5.65 -3.02 0.003 
Mean summer maximum -73.87 1.81 3.11 0.002 
Mean fall minimum -64.50 4.94 3.04 0.002 
Land use- Forest -79.50 24.61 -3.23 0.001 
Land use- Agricultural -80.37 0.29 -2.92 0.004 
Land use- Unproductive areas -80.49 0.39 -2.48 0.013 
Land use- Human settlement -79.87 0.26 -1.37 0.169 

 

Colonization and extinction 

For Erigeron, the probabilities of colonization and extinction based on rates of 

turnover between 2008 and 2010 did not significantly vary along the elevation 

gradient (Figure 3.2). For Solidago, however, probability of patch extinction increased 
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with elevation while colonization was not significantly affected (Figure 3.2). On 

average, smaller patches were more likely to go extinct; thus, patches of Erigeron that 

went extinct on average covered 2 m2 whereas the average area of all patches was 16 

m2. Similarly, the average area of the Solidago patches that went extinct was 0.5 m2, 

compared with an average for all patches of 182 m2.  

 

Patch characteristics 

Mean plant height, mean individual fecundity, and mean patch area did not 

vary significantly along the elevation gradient for either species (Figure 3.4), and 

spatial autocorrelation was not important in any of the models. Patches of Solidago 

were less dense at higher elevations, but Erigeron patches were equally dense across 

the gradient (Solidago: t=-2.387, df=52, P= 0.02; Erigeron: t=-1.08, df=36, P=0.28). 

This was the only indication that mean performance of patches declined towards the 

upper range margin (Figure 3.4). However, the maxima of all characteristics occurred 

at low elevation and tended to decrease with increasing elevation (Figure 3.4). 

When the greater number of populations and greater maxima in density and 

area are considered, the cumulative output at lower elevations was much greater than 

at higher elevations (Figure 3.5). The sum of cumulative output in binned elevational 

bands for both species declined along the elevation gradient. Solidago showed an 

abrupt decline above 900 m whereas Erigeron declined more gradually, with scattered 

patches even near the upper range margin.  
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Figure 3.5. The cumulative reproductive output for each patch in 2008 equal to the area x density of 
ramets x fecundity (flowering branches for Solidago and capitula for Erigeron). Gray bars indicate the 
cumulative reproductive output summed for populations within elevational bins divided by the bin with 
the largest cumulative output, and standardized by the relative length of the track within each bin. 
 
 
DISCUSSION 

Occurrence and the environmental predictors 

Temperature and climatic events play an important role in defining a species’ 

distribution. In our study temperature was a more important predictor of the range 

limit of Solidago canadensis than Erigeron annuus. Solidago was limited more 

strongly by mean growing season temperatures than Erigeron, probably because it 

flowers in late summer and so needs a long growing season. At high elevation seed set 

may be halted by frost in late summer and fall. There is a strong indication that the 

occurrence of frost in spring is important in setting the upper elevational limit of 

Erigeron. As a (winter) annual, Erigeron overwinters as either seeds or as rosettes 

that do not suffer mortality due to frost (Trtikova et al. 2010). However, spring 

freezes most likely kills whole patches of exposed plants once they have begun to 

bolt. Thus, Erigeron may be able to invade higher elevations in the Swiss Alps during 

warm years with no extreme cold weather events, but probably suffers large-scale 

mortality when there are freezing temperatures in the growing season. The range 

limits of both species are probably influenced by extreme weather events, which are 

more frequent as elevation increases. The critical role of frost during the growing 

season is also supported by the position of the range limit of Erigeron and Solidago at 

around 1100-1300 m a.s.l., corresponding with the upper limit of the montane zone 
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(typified by Fagus sylvatica), above which summer frosts are increasingly frequent 

(Landolt and Urbanska 2003).  

Topography, climate, and land use were all important in predicting the 

distribution of Solidago and Erigeron, suggesting that all these factors (and their 

interactions) influence range limits. Such complex interactions will make shifts of 

species distributions from global change difficult to predict. The formation of limits 

because of disturbance and human influence coupled with temperature is typical of 

non-native species reliant on both human facilitation and temperate climates (Mooney 

and Cleland 2001, Davis 2009). At mid-elevations, where the species are otherwise 

abundant, steep valleys and gorges limited the possible number of patches because the 

habitat was unsuitable, consisting of cliffs and steep forest with lower resource 

availability and decreased human influence (Zimmermann and Kienast 1999). The 

gentler slopes in the lower valleys were more densely populated and therefore more 

disturbed, and in these areas Solidago occurred in open riparian deciduous forests, 

especially in areas managed for power lines. For Erigeron, proximity to buildings was 

an important factor, probably reflecting greater human disturbance and propagule 

pressure. Above 1500 m above sea level the distance between buildings increased 

rapidly and Erigeron may be limited because there are fewer favorable micro-sites. 

This highlights the role that geographic features can have on the probability of 

occurrence in a single valley because available habitat can become limited.  

The best-fit models containing climate, topography and land use suggest that 

Erigeron and Solidago have probably filled their available niches in these mountain 

valleys, and barring genetic adaptation having probably reached their distributional 

limits. This can be asserted because as elevation increases climate limits the species to 

only the best microsites, whereas at lower elevations factors such as soil conditions, 

topography, or land-use may be more important in defining the success and variation 

of patches. We conclude that for these species to expand their ranges will need a 

combination of a warming climate and human facilitation through land use. 

 

Patch distribution, characteristics, and individual performance 

Range limits can result from environmental influences on both individual 

fitness and metapopulation dynamics (Holt and Keitt 2000, Gaston 2003) but the 
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contribution of each is rarely tested. In this study we find that the range limits of the 

two species Erigeron and Solidago are reflected more in the spatial distribution and 

reproductive output of patches than in the performance of individual plants. The 

spatial patterns of Erigeron and Solidago at their range limits, however, varied: 

whereas Erigeron exhibited a sharp boundary – probably determined by a specific 

climate condition (i.e. spring- summer freezes) - Solidago declined gradually in 

frequency and density. For Solidago the rate of both extinctions and colonizations 

increased at higher elevations, resulting in greater populations turnover than in the 

lowlands. From our study this was not evident for Erigeron, possibly because the 

species is an annual with a rather high population turnover at all sites. However, 

Trtikova et al. (2011), present genetic evidence suggesting that turnover of Erigeron 

populaitons is greater at the upper range limit than in lowland habitats. These authors 

found that genetic diversity among populations was higher at higher elevations, while 

diversity within populations was lower than in low elevation populations, suggesting 

more frequent colonization and extinction at higher elevations. 

Interestingly, patches showed no mean differences in individual performance, 

which might be considered contrary to the ‘abundant center hypothesis’ (Sagarin and 

Gaines 2002, Wagner et al. 2011), while patches were more abundant toward the 

center of the distribution yielding support for the hypothesis. This suggests that on 

average individuals are equally fit wherever they are able to establish along the 

gradient, but safe-sites for establishment are more abundant toward the range center 

and the environment becomes more heterogeneous and less conducive toward the 

margin (Schreiber and Lloyd-Smith 2009). This indicates that there may be a larger 

variety in the quality of safe sites and hence patch performance at low elevations. For 

both species, there were many larger patches at low to mid-elevations and they were 

closer to each other than the patches at the high elevation margin. This means that at 

low elevations patches benefit from the greater connectivity to other patches and the 

greater connectivity may enhance genetic diversity and probability that a patch may 

be saved from local extinction from propagule input (Gotelli 1991). This possibility is 

supported when looking at the production of propagules in elevational bins, which 

show that vastly more propagules are produced at low elevation. Therefore the limits 

to the range are likely come from the stochastic environment and extreme events 

(Lande 1993) which affect not just individuals within the patch but the patch as a 
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whole, and which may produce temporarily viable patches beyond the Hutchinsonian 

niche (Pulliam 2000).  

Range limits of plants species are the result of the interaction of both 

physiological tolerances and spatial variation of available sites which is reflected in 

metapopulation processes. At the margins, metapopulation processes related to 

environmental variation reduce the ability of species to spread because isolation 

combined with stochastic environmental events (i.e. freezes) remove patches from at 

least temporarily available habitat. Mean performance did not decline in response to 

the elevational gradient, and range margins should not be simply viewed as 

environmental limits where range expansion is only bound to changing mean 

temperatures. In the best case both Erigeron and Solidago species are in pseudo-

equilibrium with more population turnover at the margin.  
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ABSTRACT 

Plants are often assumed to grow more vigorously in areas where they have 

been introduced than in their native range. In this study, we investigated whether 

Verbascum thapsus differs consistently in its performance and patterns of trait 

variation in its native range and across climatic gradients in several introduced 

regions. We measured population characteristics and plant traits of individuals of 

Verbascum thapsus along elevational gradients in seven mountainous regions around 

the world (three in the native range, four non-native). We tested the null hypothesis 

that there is no difference in phenotype between the native and invaded range by 

comparing populations in terms of the density of mature individuals per meter square, 

the area covered, and several plant traits (height of the plant, length of the 

inflorescence, number of flowering branches, and the ratio of length of inflorescence 

to height of the plant).  

Performance of V. thapsus differed only slightly between the native and 

introduced ranges. Populations were denser in the native range yet covered smaller 

areas than those in the non-native range, but in nearly all cases there were significant 

differences among regions. Plant traits were not significantly different between ranges 

and showed no clear relationship to mean annual temperature. However, the height of 

plants and the length of inflorescence increased with total annual precipitation, and in 

addition there was a significant difference between regions. Plant traits varied among 
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regions but this was explained by the fact that regions occupied different positions 

along the overall climate gradient extending across them. Range accounted for none 

of the variation in performance or traits, suggesting that V. thapsus is capable of 

growing across a wide range of temperature and precipitation regimes but its invasion 

is not associated with major shift in plants traits. Most studies that investigate this 

compare only a few regions from the entire range, which makes clearly testing the 

hypothesis difficult because differences between ranges can be confounded with 

differences in climate or other region-specific factors. 
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INTRODUCTION 

Plant species often grow larger and become more abundant in their non-native 

range than in their native range, and such differences have been attributed to both 

rapid evolution and phenotypic plasticity (Bossdorf et al. 2005). Differences in plant 

traits between the native and non-native range have been shown to be important for 

plant invasions for a variety of reasons (Willis and Hulme 2004, Bossdorf et al. 2005, 

Lloret et al. 2005). Plants may grow larger or produce more offspring (Crawley 1987, 

Jakobs et al. 2004) because they are better at competing for resources in the new 

range, or they have escaped enemies and changed resource allocation (Blossey and 

Nötzold 1995).  

In order to determine whether invasive plants perform differently in the 

invaded range it is necessary to compare their performance with that in the native 

range (Reinhart et al. 2003, Maron et al. 2004, Alexander et al. 2009, Colautti et al. 

2009, Richardson et al. 2010). However, the performance of species is also likely to 

vary under different environmental conditions, making the interpretation of range 

comparisons difficult if very few regions are considered. Thus, favorability of local 

conditions for plant performance (i.e. climate, plant density, or vegetation cover) 

underlying environmental gradients can confound the interpretation of performance 

differences between ranges (Colautti et al. 2009). This problem can be overcome by 

sampling numerous regions in the native and non-native ranges of the species, and by 

sampling environmental gradients within those regions. Such a design would increase 

the power in testing whether performance differs between native and non-native range 

because clines in performance response can be examined between ranges and regions.  

Species often form clines in response to environmental gradients such as 

elevation or latitude in both the native and non-native range (Reinartz 1984a, 

Alexander et al. 2009). The formation of clines in response to environmental gradients 

may improve invasion success because it allows species to match phenotypes to the 

environment. But this variation may not reflect differences in performance between 

the native and non-native range because species respond similarly to the 

environmental gradient between in both ranges. So ultimately performance must 

differ between ranges after the position of the region in the overall climate gradient is 

considered in order to invoke greater performance in the non-native range.  
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 Verbascum thapsus (Scrophulariaceae) is a short-lived, mostly biennial 

monocarpic species native to Eurasia, which has been widely introduced, and is now 

one of the most common species in mountain regions around the world (Seipel et al. 

2011). V. thapsus occurs in all 50 states within the United States, is considered an 

invasive species (NRCS 2011), and has been widely planted and transported by 

humans (Wilhelm 1974). V. thapsus is broadly adapted to a variety of climatic 

conditions (Parker et al. 2003), though it requires open disturbed soil to establish 

(Gross and Werner 1978, 1982, Reinartz 1984c). Its success may be attributed, at least 

in part, to its plasticity in response to the environment (Gross and Werner 1978, 

Parker et al. 2003, Ansari and Daehler 2010). Indeed, V. thapsus shows considerable 

phenotypic plasticity in growth and life-history, for example exhibiting different 

thresholds for flowering along latitude gradients (Reinartz 1984a, Ansari and Daehler 

2010). However, it remains unclear whether such trends along environmental 

gradients differ between the native and non-native ranges.  

We hypothesize that variation in performance among different ranges of V. 

thapsus does not differ and instead variation in traits are consistent with climate 

gradients both within and between regions. To demonstrate the alternative hypothesis 

would require that traits and performance differ after controlling for differences in 

climate between the native and non-native ranges. To test the hypothesis we measured 

plant traits and population characteristics of populations of V. thapsus along 

environmental gradients in seven regions around the world. We ask the following 

questions: 1. Does performance of V. thapsus differ between ranges? 2. Are these 

differences consistent across geographically distinct regions? 3. Does the response to 

climate gradients differ between ranges or between regions? 

 

METHODS 

Population characteristics and site data 

We sampled populations of Verbascum thapsus in seven mountain regions 

around the world, including the Island of Hawaii, USA (hereafter Hawaii), Indian 

Kashmir (hereafter Kashmir), the Alps of Switzerland (hereafter Switzerland), the 

Atlas Mountains of Morocco (hereafter Morocco), the Australian Alps, New South 

Wales, Australia (hereafter Australia), the Wallowa Mountains in Oregon, USA 
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(hereafter Oregon), and the northern part of the Greater Yellowstone Ecosystem in 

Montana, USA (hereafter Montana) (Figure 4.1, Appendix A4.1). In each region, we 

sampled three replicate populations representing low, middle, and high elevations of 

the elevational range occupied by the species in each region, though in Switzerland 

(n=6) and Morocco (n=2) it was difficult to find enough elevational replicates and so 

we sampled populations continuously along the gradient. Otherwise, each of the three 

elevations together represents almost the full elevational range in each region, 

determined by reconnaissance and experts of the local floras.  

 
Figure 4.1. Regions where populations were located.  

 

At each location we recorded the GPS coordinates and elevation above sea 

level. We also recorded environmental variables that included: percent of total 

vegetation cover in the 100 m2 surrounding the GPS location point (0-100%; 0% 

being totally bare ground), steepness of the slope measured in degrees, and a 

description of the soil substrate and particle size.  

 Elevation represents a complex gradient of environmental factors so that 

elevation in meters above sea level is not comparable between regions (Körner 2007), 

so instead we use extracted climate data to make comparisons of performance 

between regions. From WorldClim (Hijmans et al. 2005) we extracted mean monthly 

temperature and total annual precipitation. The mean annual temperature (MAT) and 

total annual precipitation were calculated for each of the populations. To check for 

errors resulting from the low spatial resolution of these environmental data, we 
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compared the values from WorldClim with more precise data in regions (Switzerland, 

Montana, and Oregon) where these were available. The differences at a given site 

were on average less than 10% of MAT and total annual precipitation. 

Data at each site were recorded towards the end of growing season, after the 

peak of flowering or when plants had begun to senesce. We estimated the density of 

individuals of V. thapsus per square meter, and two density estimates were made, one 

for mature plants and one for all life stages combined. To estimate the number of 

plants per square meter, we established a transect along the length of the population 

and randomly selected ten 1-m2 plots. If the population was very large and 

heterogeneous, we placed a 100 m transect within the population and randomly 

selected ten 1-m2 plots for counting the number of individuals. For each population, 

we also measured the aerial extent of the population (maximum length x maximum 

width, where gaps of 10 m separated different populations). However, in some cases it 

was difficult to estimate the area populations covered, so for some populations in 

multiple regions we have no estimates for area.  

 

Measures of individual morphological traits 

Along the transect line used to determine density, we randomly selected 20 

points and measured traits of the nearest mature individual. If the plants were 

scattered and scarce, we recorded as many flowering individuals as possible. We 

recorded: the height of the plant- measured from the ground to the tip of the 

inflorescence (cm), the total length of inflorescence- measured from where the leaves 

end and the flowering inflorescence begins, and the number of flowering branches- the 

number of branches resulting from the central (largest) flowering stem. 

 

Data analysis 

We used generalized linear models to determine whether the mean 

performance of populations and individuals (density of mature individuals, the area 

occupied by the population, and plant traits) varied between the native and non-native 

range and across the different regions. We then tested whether population 

characteristics and traits responded similarly to climate gradients in the different 
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regions by fitting generalized linear models for each climate variable (MAT, total 

annual precipitation); region, and the interaction of each of the climate variables were 

included in all the models. Additionally local conditions can impact on the 

performance of populations so we tested whether vegetation cover and density 

dependence had a negative affect on traits. Finally, to determine the relative 

contribution effects of range, region, climate, and local conditions on plant traits we 

partitioned the variance in traits between effects of temperature, precipitation, density 

of plants in a population, range, and region. This was done by fitting each variable as 

a random effect in a random effects model where the responses were each of the four 

plant traits (Laird and Ware 1982). Variance components of the model were then 

extracted and compared against the sum of all random effects including the residual 

variance. All data were analyzed using R (R Development Core Team 2009). 

 

RESULTS 

Population characteristics and plant traits of Verbascum thapsus differed only 

slightly between the native and non-native regions. The overall density of individuals 

was greater in the native range (F1,44 = 13.1, P< 0.001), though the maximum density 

recorded was in a non-native region, Oregon, highlighting the importance of 

differences among regions (F5,44=3.54, P=0.009). The area a population covered was 

greater in the non-native range (F1,20=20.7, P< 0.001), and after range was considered 

there was no difference between regions (F5,20=0.031, P=0.96). Of the four plant 

traits, only the ratio of length of inflorescence to height of the plant (a proxy for 

reproductive investment) differed between the native and non-native ranges (height- 

F1,44=0.38, P=0.54; length of inflorescences- F1,44=0.32, P=0.57; flowering branches- 

F1,44=2.5, P=0.12; ratio length of inflorescence to height of the plant- F1,44=7.25, 

P=0.01). However, all traits varied significantly between regions (height- F6,45=4.9, 

P<0.001; length of inflorescences- F6,45=4.7, P<0.001; flowering branches- F6,45=3.6, 

P=0.005; ratio length of inflorescence to height of the plant- F6,45=20, P<0.001).  
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In general, traits varied with climate. Thus, plants produced more flowering 

branches as MAT increased, while the ratio of inflorescence length to height peaked 

between 10-15 C° MAT.  Most plant traits also increased with increasing annual 

precipitation (Figure 4.2). Regional differences in average performance generally 

remained even after accounting for these effects of climate (Figure 4.2). However, 

there were no significant interactions of region and climate, indicating a consistent 

response of plant traits across the climate gradient independent of differences in 

climate between regions.  

 

 
Figure 4.3. The response of plant density and population area to mean annual temperature and total 
annual precipitation. Test statistics for the climate variable, region, and the their interaction are ordered 
by from top to bottom.  

 

 The density of populations and area covered did not vary with MAT, but the 

area of populations peaked between 600-800 mm of annual precipitation (Figure 4.3). 

The density of V. thapsus plants decreased as percent vegetation cover increased, and 
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percent vegetation cover decreased as MAT increased, but vegetation cover showed 

no significant relationship to precipitation and had no effect on trait variation 

(Appendix A4.2). Both height and number of flowering branches declined in response 

to population density and indicates negative density dependence (Figure 4.4).  

 

 
 

Figure 4.4. The response of plant traits to density of mature individuals; significant patterns are 
indicated by lines in panel. Dashed line indicates a single region drives the significant pattern. Test 
statistics for density, region and the interaction of region and density are ordered from top to bottom.  

 

The trait variation was partitioned among climate, density, range, and region,  

(Figure 4.5). The largest fraction of variation was explained by differences among 

regions, by different amounts of total annual precipitation, and by different plant 

densities. None of the variation was explained by range. 
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Figure 4.5. Variance components of a random-effects models, mean annual temperature, total annual 
precipitation, density of individual per meter square, nativity, and region were fit as random effects to 
partition the variation between variable. Variance components of random effects are shown as the 
proportion of the total sum.  

 

DISCUSSION 

In this study we show that performance of Verbascum thapsus does not differ 

between its native and non-native range and that traits are more influenced by 

regional differences and climate than by the status of the species. Regional 

performance was partially dependent on the position of the region on the total climate 

gradient where the species occurs, but much of the variation remained unexplained. 

This is interesting because it suggests that invasion success is driven (at least partly) 

by local factors, thus making it difficult to predict  how the species might perform in 

another area (Kueffer et al. 2010). For example species were largest in Hawaii and 

had the greatest number of flowering branches, and have been shown to live longer 

(Ansari and Daehler 2010), but this likely reflects the response to less seasonal 

climates and more favorable growing conditions. One cannot conclude that just 

because V. thapsus grows large in Hawaii it will perform equally well in other non-
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native regions; indeed, the measured traits were much smaller in the other non-native 

regions where the climate was cooler and drier. 

Clines in traits in response to elevation or latitude seem to be common in the 

native and non-native range and do not reflect differences caused by range (Maron et 

al. 2004, Alexander et al. 2009, Colautti et al. 2009). In this study total annual 

precipitation caused the greatest response in traits of V. thapsus, and plants grew 

larger as precipitation increased. This suggests populations isolated in regions respond 

to local conditions and may show traits that are consistent with the overall response to 

climate (Reinartz 1984b, Parker et al. 2003), but regional difference do not explain 

invasion success. High variability or high phenotypic plasticity may help a species 

have a large range distribution and is regarded as a characteristic which facilitates 

spread of an "ideal weed" because it allows a species to acclimatize quickly to 

conditions in novel environments (Baker 1965, Richards et al. 2006).  

Part of the success of V. thapsus around the world appears to be that it is a 

‘Jack of all trades’ (Richards et al. 2006), at least with respect to temperature. Thus, 

its performance did not vary significantly along the temperature gradient, in fact the 

variation within a population was larger that the effects of temperature. Our results 

suggest that V. thapsus is an example of a generalist species capable of passing 

through strong ecological filters (i.e. temperature gradients, or precipitation gradient). 

As a result it is able to achieve a large range distribution which spans a wide variety 

of environmental conditions (Alexander et al. 2011).  

 Invasion biology has often concentrated on trait differences between ranges as 

a means of understanding invasion success, but intra-specific traits differences may 

not affect performance of a species and may just be variation caused by local 

condition within the species between species and not reflect increased fitness or 

performance. In fact, herbivory has been shown to result in more flowering branches 

and being taller could actually reduce could overall fitness due to an increased 

probability of suffering insect damage (Naber and Aarssen 1998, Lortie and Aarssen 

2000). Ultimately, understanding the successful invasion of a species is more 

complicated than accounting for simple traits differences between ranges. Verbascum 

thapsus grows well across a wide variety of conditions and is capable of passing 

broad ecological filters. However large shifts in morphological traits are not needed to 

explain invasion success because population variation is high in both ranges. 
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Studies of plant performance between ranges often compare traits between 

native and non-native ranges to determine whether species’ performance is greater in 

the introduced range, but most studies compare only a part of the native and a part of 

the non-native range (Reinhart et al. 2003, Bossdorf et al. 2005, Alexander et al. 2009, 

Colautti et al. 2009). In such cases it is difficult to tell whether differences in 

performance are related to region-specific environmental differences or represent 

differences between ranges, because range and region are confounded (Colautti et al. 

2009). This means that it is not possible to make native-non-native range 

generalizations based on only a few regions. To more appropriately test for 

differences in performance between ranges, many populations from a variety of 

environments in geographically distinct regions should be sampled, populations must 

encompass a large amount of the climatic niche of the species in both ranges. This 

will ultimately help to determine whether performance between ranges differs 

independently of underlying climatic gradients. 
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SYNTHESIS 

 

A generalized process of non-native plant spread in mountains 

The aim of this thesis is to improve our understanding of the processes of non-

native plant spread in mountainous regions by focusing on processes at multiple 

spatial scales. The knowledge gained about the spread of non-native species along 

elevational gradients has both fundamental and practical implications; not only does it 

provide general insights into the formation of species range limits, but it can be 

applied to monitoring and control of invasive species.  

In the introduction, I posed three questions concerning the distribution, rate of 

spread, and formation of range limits. The findings presented in the subsequent 

chapters indicate that the process of spread of non-native plants can be broken into 

three stages. First, humans must transport species, either intentionally or 

unintentionally, to areas where they can establish, usually in disturbed lowland 

habitats (Mack and Lonsdale 2001, Crosby 2004, Seipel et al. 2011). Generally, when 

species arrive in a new range, niches of species are generally conserved (Crisp et al. 

2009) and hence the most broadly adapted species appear in the most regions. Second, 

after introduction into the lowlands, propagules are often spread along the elevational 

gradient, but most species are filtered out by the environmental gradients and are 

generally restricted to lower elevations and roadsides. The non-native species that 

appear at higher elevations are those with the largest range distributions and occur at 

low elevations. Third, species generally fill their niches over time and then form range 

limits. The high elevation limit is usually not a distinct boundary but a zone where 

population turnover increases because of frequent extinction and subsequent 

recolonization from the lowlands. Barring a phase of secondary spread as a result of 

genetic adaptation to local conditions, the species range limit may remain rather stable 

apart from minor shifts due to climatic fluctuations (Dietz and Edwards 2006). This 

stability underscores the common finding that niches are conserved (Alexander and 

Edwards 2010), but leaves unanswered why this should be so, especially if adaptation 

is an important strategy for long-term evolutionary survival. 

 

What do we know about spread? 

Many plant species have been, and are being, transported worldwide, either 

intentionally or unintentionally. Historically much of this transport has been 
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associated with human colonization, especially from Europe, but future spread is 

likely to be the result of globalization of trade, and hence origin may no longer be a 

good predictor. In mountainous regions, non-native species are most abundant near 

sites of human disturbance at low elevations (Seipel et al. 2011), and these represent a 

pool of species, some of which have the potential to spread to higher elevations.  

The path of spread of non-native plant species along elevational gradients in 

mountains is typically from low elevations to high elevations (Alexander et al. 2011) 

and from highly disturbed to less disturbed sites (Seipel et al. 2011). With increasing 

elevation, non-native richness decreases, and in some regions (especially those 

designated for conservation) there are interactions between elevation and distance 

from road. This decrease can related to declining human influence, reflected in less 

disturbance and greater biotic resistance of intact plant communities. As plants move 

up the elevational gradient they tend to be filtered out by the increasing stressful 

ecological conditions so the remaining species found at higher elevations tend to be 

broad-ranging generalist species, and often older introductions (Becker et al. 2005, 

Haider et al. 2010). This means that non-native floras in regions are nested and high 

elevation species are a subset of the total species pool from low elevations. As species 

reach the range margin it also mean maximum species performance may decline. 

 

At the range margin 

 

Populations near the range limit exist within a zone where local extinction and 

recolonization occur more frequently than at the core of the distribution. Populations 

at the margin also tend to be more spatially separated, because the number of safe 

sites decreases. Isolation combined with more frequent turnover of populations from 

extreme weather events causes a sharp decline in the probability of occurrence of 

most lowland species, especially those that are filtered out along the elevational 

gradient. Probability of occurrence may vary between years depending on extreme 

weather events, in extremely warm years species especially annuals may survive at 

higher elevations at least temporarily.  

The marginal populations are often demographic sinks that owe their existence 

to propagules transported from lower elevations (Pulliam 1988). Indeed, frequent 

extinction of these populations followed by recolonization may prevent a species from 

adapting and spreading to higher elevations (Holt et al. 2003, Kawecki 2008). This 
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means that once a species has filled its niche the range limit will likely remain 

constant over a long period. 

 

Monitoring spread and implications for control 

To gain information about global environmental change, it is desirable to 

monitor species’ distributions at a large spatial scale, thereby distributing error in 

detection over many sites. Information gained by monitoring is important in 

prioritizing management of invasive species to those which are rapidly spreading, and 

understanding shifts in native species as a result of climate change.  

When managing plant invasions in mountainous regions, it may be futile to 

eradicate populations at the margin, since these are dependent upon core populations 

for recolonization (Schreiber and Lloyd-Smith 2009). The best strategy for reserve 

managers, therefore, may to concentrate control on the largest core populations (i.e. 

producing the most propagules). This may appear counter intuitive if one is interested 

in reducing the geographic extent of an unwanted species, but by reducing the source 

of propagules for recolonization the elevational limit of the species may actually 

decrease. 

Ultimately, the best strategy for preventing the spread of non-native species is 

to prevent their introduction. This is important for non-native plants that, if introduced 

into the lowlands, might spread to upper elevations, but even more so for cold-

adapted specialists that might be introduced directly to higher elevations. So far, there 

have been relatively few introductions of such specialists into mountainous regions, 

but the growing importance of tourism and winter sports means that such 

introductions could increase. Finally the strategy of prevention means minimizing the 

direct human disturbance to higher elevations and limiting propagule input, especially 

of known invasive species.  
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Appendix A1.1. The layout of sample locations along roads stratifying the elevation gradient within a 
region, and T-shaped transects within each sample location. Only six sample locations are shown for 
clarity, most roads had 20.  
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Appendix A1.2. Comparison of the climate between regions using WorldClim data extracted for the 
sample locations. Panel (a) is total annual precipitation. Panel (b) is mean annual temperature for all 
sample locations.  
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Appendix A1.3. Correlations of land-use intensity, elevation, non-native species richness, habitat 
diversity, and canopy cover measure in 300 m2 sample locations. Bold values indicate significant 
Spearman correlation tests 
 

Montana-Yellowstone NP 
Land-use 
intensity Elevation Richness 

Habitat 
diversity 

Elevation -0.623    
Richness 0.362 -0.793   
habitat diversity -0.305 0.166 -0.074  
tree canopy cover -0.309 0.200 -0.009 0.347 
Blue Mountains Oregon     
Elevation -0.712    
Richness 0.630 -0.888   
habitat diversity 0.222 -0.218 0.199  
tree canopy cover 0.057 -0.032 0.031 0.196 
Australian Alps     
Elevation 0.154    
Richness -0.058 -0.357   
habitat diversity 0.552 -0.004 -0.429  
tree canopy cover -0.271 -0.176 -0.166 0.070 
Swiss Alps     
Elevation 0.167    
Richness 0.097 -0.423   
habitat diversity 0.005 0.253 -0.207  
tree canopy cover -0.155 -0.081 -0.215 -0.165 
Hawaiian Islands     
Elevation -0.573    
Richness 0.406 -0.676   
habitat diversity NA NA NA  
tree canopy cover NA NA NA NA 
Central Chile     
Elevation -0.308    
Richness 0.348 -0.754   
habitat diversity -0.015 -0.428 0.146  
tree canopy cover -0.010 -0.025 0.091 -0.257 
South Chile    
Elevation -0.188    
Richness 0.046 -0.710   
habitat diversity 0.146 0.410 -0.326  
tree canopy cover 0.069 0.131 -0.145 0.065 
Tenerife Canary Islands    
Elevation -0.706    
Richness 0.535 -0.611   
habitat diversity NA NA NA  
tree canopy cover 0.231 -0.212 0.289 NA 
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Appendix A2.1. Observer error was calculated both as the number of species and percentage of species 
for three sites in the study Richterswil (400 m a.s.l.), Einsiedeln (900 m a.s.l.) and Ibergeregg Pass 
(1600 m a.s.l.), which ranged from low elevation to high elevation. To estimate the observer error we 
revisited sites. With multiple observers we searched the area as described in the methods (observed 
species), then we did a thorough search of the area to locate all species known (known species). We 
then compared species found by observers to those known to determine false absences which is the 
largest proportion of error (Moilanen 2002). We estimated the detection error to be 20% of known 
species at a site. The standard deviation in detection decreases in elevation because sites at higher 
elevations had less ruderal (unnatural) habitats and fewer species making them easier to detect. The 
most common species in the study were the easiest to detect. The rare and transient were often the most 
difficult to detect. Some species were particularly difficult to identify, Veronica persica could often be 
confused with other native Veronicas, this likely lead to higher error margin for particular species. 
Error bars represent two standard deviations around the mean, they extent above the known species 
because false presences in the data set can also exist.  
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Appendix A2.2. Identification of 
species plotted in Figure 4. The 
name of each species is plotted at 
the end of the respective data line. 
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Appendix A2.3 The change in percent similarity using all species at sites between sampling year 
across the geographic region measure by Jaccard dissimilarity (a), Beta-dissimilarity in (c) and Jaccard 
and Beta-sim dissimilarity respectively and grouped by elevation (b & d). 
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Appendix A2.4. The change in percent similarity using only common species, occurring in 10% of 
sites, between sampling year across the geographic region measure by Jaccard dissimilarity (a), Beta-
dissimilariy in (c) and Jaccard and Beta-sim dissimilarity respectively and grouped by elevation (b & 
d). 
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Appendix A2.5. All species recorded in both years of sampling and their respective plant family. !Y 
indicates frequency difference from 2003 to 2009 summed across sites. Columns (T-GV) are ecological 
indicator values taken from Landolt et al. (2010), and include: temperature (T; where larger values are 
warmer temperature indicators), continentality (K; where 1 is oceanic and 5 in continental), moisture (F; 
where 1 is very dry and 5 is submerged in water) and geographic origin (GV). Variables Tv, Kv, and Fv 
indicate the variation associated with each of the respective indicator values (where 1 is low variation and 
III is high variation). For more information on the specific indicators see the Flora Indicativa1. 
 

Species Family !Y T Tv K Kv F Fv GV 
Acacia dealbata Fabaceae -1 5 I 1 II 2 I A5 
Acer negundo Aceraceae -2 4.5 I 2 I 3.5 II A2c 
Ailanthus altissima Simaroubaceae -1 4.5 I 3 II 2 II A4b 
Alcea rosea Malvaceae 4 4.5 I 4 II 3 I B4a 
Amaranthus albus Amaranthaceae -9 4.5 I 3 I 2.5 I A2a 
Amaranthus blitum Amaranthaceae -23 4.5 II 2 II 3 II C2 
Amaranthus caudatus Amaranthaceae -1 5 I 1 I 2.5 I A4a 
Amaranthus cruentus Amaranthaceae -41 4.5 I 2 I 2.5 I A2a 
Amaranthus deflexus Amaranthaceae 9 5 I 2 I 2.5 I A1 
Amaranthus retroflexus Amaranthaceae -21 4.5 II 2 II 2.5 I B3 
Ambrosia artemisiifolia Asteraceae -4 5 I 2 I 2 I A2c 
Armoracia rusticana Brassicaceae -1 4 I 3 I 3.5 I C2b 
Artemisia verlotiorum Asteraceae -4 4.5 I 2 I 2.5 I A4b 
Arundo donax Poaceae 1 5 I 2 I 4 I A4a 
Asclepias syriaca Asclepiadaceae 0 4.5 I 2 I 3 I A2c 
Aster novi-belgii Asteraceae 4 4.5 II 2 II 3 II A2 
Aster novae-angliae Asteraceae 1 5 I 3 I 3.5 I A2 
Atriplex hortensis Chenopodiaceae -3 4.5 I 4 I 2.5 I A4a 
Aurinia saxatilis Brassicaceae 11 4.5 I 4 I 2 I C2b 
Barbarea verna Brassicaceae -6 4.5 I 2 I 3.5 I D1a 
Bassia scoparia Chenopodiaceae -3 4.5 II 4 I 1.5 II B6a 
Berteroa incana Brassicaceae -1 4 II 4 I 1.5 I B6a 
Blitum virgatum Chenopodiaceae 0 3.5 II 4 I 2.5 I E1a 
Borago officinalis Boraginaceae 3 4.5 I 3 I 3 I C2b 
Brassica juncea Brassicaceae 2 4.5 I 4 I 2.5 II A4c 
Brassica napus Brassicaceae 2 4 I 2 I 3.5 I C2a 
Brassica rapa Brassicaceae 0 3.5 I 2 I 3.5 II D1 
Bromus inermis Poaceae -17 4.5 I 4 II 2 I B6a 
Buddleja davidii Buddlejaceae -7 4.5 I 2 I 2 I A4b 
Bunias orientalis Brassicaceae -4 3.5 II 4 I 2 I A4c 
Calendula officinalis Asteraceae 5 4.5 I 3 I 2.5 I A4a 
Callistephus chinensis Asteraceae -4 4.5 I 1 I 3 I A4b 
Cannabis sativa Cannabaceae 2 4.5 I 4 I 2 I B4a 
Caragana arborescens Fabaceae 1 3 II 4 I 2.5 I A4c 
Cardaria draba Brassicaceae -3 4 I 4 I 2 I C2 
Catalpa speciosa Bignoniaceae -1 5 I 2 I 3 I A4c 
Centranthus ruber Valerianaceae -7 4.5 II 3 II 2 II C2c 
Cerastium tomentosum Caryophyllaceae 32 4.5 I 4 I 2 I D1f 
Conyza canadensis Asteraceae -7 4.5 II 3 II 2.5 II A0 
Corydalis lutea Fumariaceae 1 4 II 2 I 2.5 I F4 
Cotoneaster dammeri Rosaceae 0 4.5 I 4 I 2 I A4b 
Cotoneaster horizontalis Rosaceae 6 4 I 0 III 2 II A4b 
Cucurbita maxima Cucurbitaceae 4 5 I 1 I 3.5 I A2a 
Cucurbita pepo Cucurbitaceae 0 5 I 2 I 3.5 I A2a 
Cydonia oblonga Rosaceae 1 4.5 I 2 I 3 I A4a 
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Species Family !Y T Tv K Kv F Fv GV 
Cymbalaria muralis Scrophulariaceae -1 4.5 I 2 I 3.5 I E2a 
Cynodon dactylon Poaceae -10 5 I 3 I 2 I A0 
Datura stramonium Solanaceae -4 5 I 2 I 3 I A2a 
Descorainia sophia Brassicaceae 1 3.5 II 4 I 1.5 I B6 
Diplotaxis tenuifolia Brassicaceae -4 4.5 I 3 I 2.5 I C2a 
Dipsacus pilosus Dipsacaceae -1 4.5 I 0 III 3.5 II B6a 
Echinochloa crus-galli Poaceae -36 4.5 II 3 II 3 II A4 
Echinops sphaerocephalus Asteraceae -1 4.5 II 4 II 2.5 II B6a 
Eleusine indica Poaceae -1 5 I 2 I 2 I A0 
Eragrostis minor Poaceae 8 4.5 II 4 I 1.5 I C2 
Erigeron annuus Asteraceae -5 4 I 3 I 2.5 I A2 
Erigeron karvinskianus Asteraceae 0 5 I 2 I 1.5 I A2a 
Eschscholzia californica Papaveraceae 1 4 I 3 I 2 I A4a 
Euphorbia humifusa Euphorbiaceae 6 5 I 3 I 3 I A4b 
Euphorbia lathyris Euphorbiaceae -3 5 I 2 I 2.5 I C2b 
Euphorbia maculata Euphorbiaceae -4 4.5 I 2 I 1.5 I A2 
Euphorbia nutans Euphorbiaceae -1 5 I 2 I 2.5 I A2a 
Euphorbia peplus Euphorbiaceae -20 4 II 3 I 3 I B6 
Euphorbia prostrata Euphorbiaceae -2 5 I 2 I 2 I A2a 
Euphorbia virgata Euphorbiaceae -1 4.5 I 4 I 2.5 I B6a 
Ficus carica Moraceae 8 5 I 2 I 2 I C2 
Galega officinalis Fabaceae -1 4.5 I 2 I 3.5 I C2b 
Galinsoga ciliata Asteraceae -26 4 I 2 I 3 I A2a 
Galinsoga parviflora Asteraceae 0 4 I 2 I 3 I A2a 
Geranium molle Geraniaceae 0 4 II 2 II 2.5 I D3 
Geranium rotundifolium Geraniaceae 3 4.5 I 4 I 2 I C2 
Geranium sibiricum Geraniaceae -1 4.5 I 5 I 3 I A4c 
Helianthus annuus Asteraceae -2 5 I 4 I 3 I A2c 
Helianthus tuberosus Asteraceae -17 4.5 I 3 I 3.5 II A2 
Hemerocallis fulva Liliaceae -8 4 I 2 I 3.5 I A4b 
Hemerocallis lilio-asphodelus Liliaceae 0 4.5 I 2 I 3.5 I F4 
Heracleum mantegazzianum Apiaceae -25 3.5 II 4 I 3.5 II E2i 
Hesperis matronalis Brassicaceae 0 3.5 II 4 II 3 II B6 
Hordeum jubatum Poaceae -1 4.5 I 4 I 2.5 I A2d 
Hypericum calycinum Hypericaceae -1 4.5 I 2 I 3 I C2b 
Hyssopus officinalis Lamiaceae -1 4.5 II 4 I 1 I B6a 
Iberis sempervirens Brassicaceae -6 3 I 4 I 1.5 I E2 
Iberis umbellata Brassicaceae 1 4.5 II 4 I 1.5 I B6a 
Impatiens balfourii Balsaminaceae -2 5 I 2 I 3.5 I A4b 
Impatiens glandulifera Balsaminaceae -3 4 I 2 I 3.5 II A4b 
Impatiens parviflora Balsaminaceae -18 4 I 3 I 3 II A4b 
Inula helenium Asteraceae -1 4.5 I 2 I 3.5 I E2c 
Iris x germanica Iridaceae -7 0 III 0 III 1.5 II B6 
Isatis tinctoria Brassicaceae -5 0 III 4 II 2 II B6a 
Juncus tenuis Juncaceae -19 3.5 I 3 I 3.5 I A2 
Lathyrus latifolius Fabaceae 9 4.5 I 4 I 2.5 I D1 
Lavandula angustifolia Lamiaceae 0 4 II 4 I 1.5 I C2a 
Lepidium densiflorum Brassicaceae 0 4.5 I 3 I 1.5 I A2 
Lepidium graminifolium Brassicaceae -2 4.5 I 2 I 2 I C2 
Lepidium virginicum Brassicaceae -23 4.5 I 3 II 2 I A2 
Leucanthemum praecox Asteraceae 12 4.5 I 4 I 2.5 I B6a 
Lunaria annua Brassicaceae 1 4.5 II 3 I 3 II D1b 
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Species Family !Y T Tv K Kv F Fv GV 
Lupinus polyphyllus  Fabaceae -2 3 II 2 I 3 I A2b 
Lycopersicon esculentum Solanaceae -8 4.5 I 1 I 2.5 I A1 
Lysimachia punctata Primulaceae -1 4.5 I 4 I 3.5 I D4 
Mahonia aquifolium Berberidaceae -1 4.5 I 2 I 2.5 I A2b 
Matricaria discoidea Asteraceae -34 3.5 II 3 I 3 I A2d 
Meconopsis cambrica Papaveraceae -1 4.5 I 2 I 3 I E2f 
Melissa officinalis Lamiaceae -2 4.5 I 2 I 3 I C2b 
Mentha x piperita Lamiaceae -7 4 I 3 I 3.5 I D5 
Miscanthus sinensis Poaceae 7 4.5 I 4 I 3 I A4b 
Nerium oleander Apocynaceae 1 5 I 1 I 3 I C2 
Nicandra physalodes Solanaceae -1 5 I 3 I 3 I A1 
Nicotiana tabacum Solanaceae 0 4.5 I 1 I 3 I A2c 
Oenothera biennis Onagraceae -18 4.5 II 3 I 2 I A2 
Oenothera parviflora Onagraceae -4 4.5 I 2 I 2 I A2 
Opuntia humifusa Cactaceae -1 5 I 2 II 1 I A2c 
Oxalis corniculata Oxalidaceae -10 4 II 3 II 2.5 II B3 
Panicum capillare Poaceae -5 4.5 II 3 I 0 III A2 
Panicum dichotomiflorum Poaceae -4 4.5 I 2 I 2.5 I A2c 
Panicum miliaceum Poaceae -4 5 I 3 I 2 II B4a 
Papaver croceum Papaveraceae 1 2 I 4 I 2 I A4c 
Papaver rhoeas Papaveraceae 0 4 II 0 III 2 II C1 
Papaver somniferum Papaveraceae -1 4 I 3 I 2.5 I C2a 
Parthenocissus quinquefolia Vitaceae 28 4.5 II 2 I 3 II A2 
Parthenocissus tricuspidata Vitaceae 1 4.5 I 2 I 3 I A4b 
Paulownia tomentosa Scrophulariaceae -6 5 I 2 I 3 I A4b 
Petunie sp. Solanaceae -1 5 I 2 I 3 I A1 
Physalis alkekengi Solanaceae -9 4.5 II 3 I 3 I B4 
Phytolacca americana Phytolaccaceae -3 4.5 I 1 I 3 I A2 
Phytolacca esculenta Phytolaccaceae 1 4.5 I 2 I 3 I A4b 
Platanus x hispanica Platanaceae 1 4.5 I 2 I 3.5 I D1 
Polygonum polystachyum Polygonaceae 2 4.5 I 3 I 3.5 I A4b 
Populus alba Salicaceae 1 4.5 I 3 I 3.5 II B6a 
Portulaca olercea Portulacaceae -11 4.5 I 3 I 2.5 II C2b 
Potentilla fruticosa Rosaceae 4 2.5 I 4 I 2.5 I B1 
Prunus laurocerasus Rosaceae 1 4.5 I 2 I 2.5 II A4a 
Puccinellia distans Poaceae -1 3.5 II 4 II 3.5 II B6 
Reynoutria japonica Polygonaceae -5 4 II 2 I 3.5 II A4b 
Rheum rhabarbarum Polygonaceae -1 3 I 2 I 3.5 I A4b 
Rhus typhina Anacardiaceae -15 4.5 I 2 I 2 I A2c 
Robinia pseudoacacia Fabaceae -4 4.5 I 3 I 2.5 I A2a 
Rosa rugosa Rosaceae 1 4.5 I 2 I 2 I A4b 
Rubia tinctorum Rubiaceae -1 5 I 4 I 2 I C2b 
Rudbeckia hirta Asteraceae 1 4.5 I 3 I 3 I A2 
Rudbeckia laciniata Asteraceae 2 4.5 I 3 I 3.5 I A2c 
Salvia verticillata Lamiaceae 0 4 II 4 I 2 I C2 
Secale cerale Poaceae 1 3 II 5 I 2.5 II B6a 
Sedum spurium Crassulaceae 12 4 I 4 I 2 I A4a 
Senecio inaequidens Asteraceae 6 4.5 II 2 I 2 II A3a 
Senecio rupestris Asteraceae -10 0 III 4 II 2.5 II B6 
Setaria pumila Poaceae 42 4 I 4 I 2 I A4a 
Setaria viridis Poaceae 43 4 II 3 II 2.5 II A4 
Sisymbrium strictissimum Brassicaceae -1 4 I 5 I 3.5 I D4 
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Landolt, E. (2010) Flora Indicativa: Okologische Zeigerwerte und biologische Kennzeichen zur Flora 

der Schweiz und der Alpen. Haupt Verlag, Bern, Switzerland. 
 
 
 

Species Family !Y T Tv K Kv F Fv GV 
Solanum tuberosum Solanaceae 2 3.5 II 2 I 2.5 I A1 
Solidago canadensis Asteraceae -17 4 II 3 II 3.5 II A2 
Solidago gigantea Asteraceae -14 3.5 I 2 I 3.5 II A2c 
Sorghum halepense Poaceae 2 5 I 2 I 2 I A4a 
Spiraea salicifolia Rosaceae 2 4.5 II 3 II 3.5 I B3 
Symphoricarpos albus Caprifoliaceae 8 3.5 I 2 I 3.5 I A2c 
Syringa vulgaris Oleaceae -6 4.5 I 4 I 3 I C2b 
Tagetes patula Asteraceae 3 4.5 I 1 I 3 I A2a 
Tanacetum parthenium Asteraceae -14 4 I 4 I 3 II B6a 
Trachycarpus fortunei Arecaceae 2 5 I 1 I 3 I A4b 
Tradescantia virginiana Commelinaceae -2 4.5 II 1 I 3 I A2b 
Tragopogon dubius Asteraceae 15 4.5 I 4 I 1.5 I C2 
Tribulus terrestris Zygophyllaceae 1 5 I 3 I 1 I C2 
Trifolium hybridum Fabaceae -26 4 II 4 I 3 II C2c 
Tropaeolum majus Tropaeolaceae -1 5 I 1 I 3.5 I A1 
Verbena bonariensis Verbenaceae -1 5 I 2 I 3.5 I A1 
Veronica persica Scrophulariaceae -64 3.5 II 3 I 3 I A4a 
Vicia villosa Fabaceae 0 4.5 II 4 II 2 I C2 
Vitis vinifera Vitaceae 7 4.5 II 2 I 2.5 I B6a 
Wisteria sinensis Fabaceae 1 4.5 I 2 I 2.5 I A4b 
Yucca filamentosa Agavaceae 0 5 I 1 I 1.5 I A2a 
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Appendix A3.1. Univariate model selection where presence-absence of Erigeron and Solidago are the 
responses; numbers in bold indicate variables with ! AIC values lower than the intercept only model. 
 
Univariate selection Erigeron annuus Solidago canadensis 
Variable df ! AIC df ! AIC 
Intercept  1 0 1 0 
Slope 2 -3.6 2 -18.26 
Exposition 2 -0.4 2 -0.33 
Habitat 11 1.6 10 3.07 
Land use (4 levels) 4 0.61 4 -2.43 
Human population density 2 1.92 2 1.81 
Distance to building 2 -9.08 2 1 
Growing season length (days)  2 1.14 2 -35.18 
Mean annual temperature 2 1.01 2 -32.24 
Absolute spring minimum 2 0.41 2 -31.41 
Mean spring maximum 2 1.22 2 -31.3 
Absolute summer minimum 2 0.47 2 -31.31 
Mean summer maximum 2 1.25 2 -32.13 
Absolute fall minimum 2 -0.01 2 -30.69 
Mean fall maximum 2 1.37 2 -32.52 
Absolute spring minimum < 0 2 -1.6 2 -0.45 
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Appendix A3.2A. Correlations of environmental variables used to predict the presence of Solidago canadensis in the Vorderrhein and Hinterrhein valleys; variables were 
extracted GIS databases compiled by Zimmermann and Kienast (1999).  
 

Solidago 
canadensis 

Distance 
to 
building 

Expositio
n Elevation Slope 

Length of 
growing 
season 

Land use 
(25 levels) 

Land use 
(4 levels) 

Mean 
annual 
temperature 

Human 
population 
density 

Spring 
minimum 
temperature 

Summer 
minimum 

Spring 
mean 
minimum 

Summer 
mean 
minimum 

Fall mean 
minimum 

Winter 
mean 
minimum 

Distance to building 1               

Exposition -0.18 1              

Elevation -0.16 0.01 1             

Slope 0.36 -0.47 0.21 1            

Length of growing season 0.15 -0.03 -0.95 -0.2 1           

Land use (25 levels) -0.21 0.18 0.05 -0.31 -0.07 1          

Land use (4 levels) -0.21 0.2 0.09 -0.31 -0.1 0.98 1         

Mean annual temperature 0.21 -0.04 -0.97 -0.13 0.96 -0.11 -0.15 1        

Human population density -0.17 -0.09 0 -0.12 0.04 0.19 0.16 0 1       
Spring minimum 
temperature 0.15 -0.02 -0.99 -0.2 0.94 -0.06 -0.1 0.97 0 1      

Summer minimum 0.15 -0.02 -0.99 -0.2 0.94 -0.05 -0.1 0.97 0 1 1     

Fall minimum 0.13 -0.01 -0.98 -0.19 0.92 -0.06 -0.1 0.95 0 1 0.99     

Winter minimum 0.1 0.01 -0.94 -0.19 0.87 -0.06 -0.1 0.9 -0.01 0.97 0.97     

Spring mean minimum 0.16 -0.02 -0.99 -0.19 0.95 -0.06 -0.1 0.98 0 1 1 1    

Summer mean minimum 0.16 -0.02 -0.99 -0.2 0.94 -0.06 -0.1 0.97 0 1 1 1 1   

Fall mean minimum 0.13 -0.01 -0.98 -0.2 0.92 -0.05 -0.1 0.95 0 1 0.99 0.99 0.99 1  

Winter mean minimum 0.11 0 -0.95 -0.19 0.89 -0.05 -0.1 0.92 -0.01 0.98 0.98 0.97 0.97 0.99 1 
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Appendix A3.2B. Correlations of environmental variables used to predict the presence of Erigeron annuus in the Vorderrhein and Hinterrhein valleys; variables were extracted 
GIS databases compiled by Zimmermann and Kienast (1999).  
 

Erigeron 
annuus 

Distance 
to 
building Exposition Elevation Slope 

Length 
of 
growing 
season 

Land 
use (25 
levels) 

Land 
use (4 
levels) 

Mean 
annual 
temperature 

Human 
population 
density 

Spring 
minimum 
temperature 

Summer 
minimum 

Fall 
minimum 

Winter 
minimum 

Spring 
mean 
minimum 

Summer 
mean 
minimum 

Fall mean 
minimum 

Winter 
mean 
minimum 

Distance to 
building 1                 

Exposition -0.17 1                

Elevation 0.02 -0.07 1               

Slope 0.41 -0.49 0.18 1              
Length of growing 
season -0.05 0.06 -0.96 -0.22 1             
Land use (25 
levels) -0.23 -0.15 0.13 -0.05 -0.14 1            

Land use (4 levels) -0.18 -0.12 0.09 -0.07 -0.1 0.98 1           
Mean annual 
temperature 0.02 0.03 -0.98 -0.06 0.95 -0.15 -0.11 1          
Human population 
density 0.06 -0.1 -0.07 0.11 0.11 0.24 0.24 0.07 1         
Spring minimum 
temperature 0.01 0.04 -0.99 -0.11 0.95 -0.13 -0.1 0.98 0.07 1        

Summer minimum 0 0.04 -0.99 -0.11 0.95 -0.13 -0.09 0.98 0.07 1 1       

Fall minimum 0 0.04 -0.97 -0.1 0.92 -0.12 -0.08 0.96 0.09 0.99 0.99 1      

Winter minimum 0 0.04 -0.93 -0.09 0.88 -0.11 -0.07 0.91 0.1 0.97 0.96 0.99 1     
Spring mean 
minimum 0.01 0.04 -0.99 -0.11 0.95 -0.13 -0.1 0.99 0.07 1 1 0.99 0.95 1    
Summer mean 
minimum 0 0.04 -0.99 -0.11 0.95 -0.13 -0.09 0.99 0.07 1 1 0.99 0.95 1 1   
Fall mean 
minimum 0 0.04 -0.97 -0.1 0.93 -0.12 -0.08 0.96 0.08 1 0.99 1 0.99 0.99 0.99 1  
Winter mean 
minimum 0 0.04 -0.94 -0.09 0.89 -0.11 -0.08 0.93 0.09 0.98 0.97 0.99 1 0.96 0.97 0.99 1 
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Appendix A4.1. The location, elevation and climate of each population sampled in this study.  

Region site name Latitude Longitude 
Elevation 
(m a.s.l) 

Mean 
annual 
temp (C°) 

Annual 
precipitation 
total (mm) 

Australia Ballalaba -35.3303 149.3857 662 11.8 727 
Australia Bombay -35.42833 149.7161 628 12.6 865 
Australia Brogo1 -36.56392 149.7954 160 14.9 947 
Australia Brogo2- Brogo -36.51747 149.8016 106 15.1 958 
Australia Brogo2- Mary-Lou -36.53975 149.8253 40 15.3 952 
Australia Brooks Hill Reserve -35.31667 149.3986 820 11.6 756 
Australia Site 1 high -36.45 148.4667 1301 8.1 1508 
Australia Site 2 high -36.43111 148.5972 1121 9.5 988 
Australia Site 3 high -36.36694 148.6911 1135 9.2 968 
Hawaii high1 19.750639 -155.455111 2738 8.8 861 
Hawaii high2 19.752778 155.456444 2746 8.8 861 
Hawaii high3 19.757167 -155.456333 2812 8.8 861 
Hawaii low1 19.796583 -155.862361 610 20.0 1172 
Hawaii low2 19.808389 -155.840472 603 19.3 978 
Hawaii low3 19.836944 -155.771944 778 18.8 1026 
Hawaii medium3 19.700417 -155.462444 2115 11.7 955 
Hawaii medium1 19.688083 -155.467389 2040 11.9 1004 
Hawaii medium2 19.693306 -155.465083 2065 11.9 991 
Kashmir Chervan 34.25 74.93333 1940 12.1 795 
Kashmir Drung 34.06667 74.03333 2150 15.8 543 
Kashmir Galendar 33.98333 74.91667 1600 13.9 671 
Kashmir Ganderbal 34.21667 74.78333 1600 13.7 688 
Kashmir Gulabbagh 34.18333 74.81667 1610 13.5 691 
Kashmir Gulabbagh 34.18333 74.81667 1610 13.5 691 
Kashmir Gund 34.26667 75.08333 2120 8.2 1070 
Kashmir Lethpoora 33.95 74.9667 1600 14.0 661 
Kashmir Sheree 34.31667 74.6 1539 14.0 740 
Kashmir Wuyal 34.26667 74.81667 1680 12.3 782 
Montana Gallatin1 45.44108143 -111.206374 1679 3.9 598 
Montana Gallatin2 45.38310832 -111.1927963 1735 3.9 590 
Montana Joe Brown1 45.16727008 -110.8481241 1550 4.6 472 
Montana Joe Brown2 45.1679998 -110.8510332 1547 6.5 388 
Montana Joe Brown3 45.16968914 -110.8544114 1542 6.5 388 
Montana Travertine1 45.04316976 -110.7093603 1829 4.1 436 
Montana Travertine2 45.04770846 -110.7140306 1875 4.1 436 
Montana Travertine3 45.04944073 -110.717052 1876 4.3 432 
Morocco Gendarme 31.81932 -6.132561 2700 11.7 432 
Morocco jbel Taoujdad 31.78782 -6.074942 2600 11.9 401 
Oregon MH1 45.42336 -117.7468 1571 3.3 652 
Oregon MH10 45.40917 -117.8918 916 8.1 516 
Oregon MH12 45.34717 -117.8154 864 8.5 445 
Oregon MH2 45.4264 -117.8092 1321 5.3 596 
Oregon MH5 45.41349 -117.832 1259 5.5 585 
Oregon MH6 45.40448 -117.8045 1468 4.3 621 
Oregon MS1 45.27959 -117.6839 1831 2.3 653 
Oregon MS2 45.28256 -117.7691 1079 6.5 478 
Oregon MS4 45.27917 -117.7136 1568 3.3 610 
Switzerland Disentis 46.70011 8.86186 1100 6.6 1353 
Switzerland Gisenrueti 47.21231 8.667125 619 8.6 1178 
Switzerland Limmat 47.38714 8.53304 407 9.4 1079 
Switzerland Ofen 46.67978 10.164628 1843 2.4 935 
Switzerland Otmarsingen 47.39388 8.200067 415 9.3 1039 
Switzerland Tipidorf 46.74696 8.15015 763 8.8 1103 
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