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Summary 
 

Recent climate warming and increased human presence at high elevations 

and latitudes have caused rapid upward and poleward movement of both 

non-native and native plant species. Moreover, the number of studies 

reporting unexpected downward shifts is increasing rapidly. These rapid shifts 

in distributions in what has often been seen as a slow-reacting ecosystem 

make it timely to undertake a thorough assessment of what drives them, in 

order to accurately predict the future of those vulnerable ecosystems in a 

changing world.  

Here, I show the results of a series of global observations, models and 

experiments along cold-climate elevation gradients, aimed to increase our 

mechanistic understanding of the local factors influencing plant species’ 

range limits – and shifts - at the cold end of their distribution. To disentangle 

the role of all possible drivers, I used different techniques: 1) a global 

observational network monitoring the distribution of native and non-native 

plant species along mountain roads, 2) experiments with upward moving 

(non-native) plant species at and beyond their cold limit in sub(ant)arctic 

mountains in Sweden and Chile, and 3) theoretical models on the role of 

climate and disturbance at the smallest scale. This range of techniques 

allowed assessing the role of human interventions (i.e., disturbance, nutrient 

increase and propagule input), climatic factors and their interactions at the 

smallest scale on regional shifts in plant species distributions.  

By acknowledging the interactions between small-scale abiotic factors (e.g. 

microclimate, soil properties) and biotic interactions (e.g. facilitation, 

competition), we found that disturbance – in the shape of vegetation removal 

as observed in roadsides - played a defining role along all elevation gradients 

in the success of upward moving plant species, a.o. through its effects on 

microclimate, biotic interactions, soil suitability and seed influx. In that 

regard, it trumped climate as driver of species (re)distributions in mountains. 

Undisturbed vegetation, on the other hand, was surprisingly hard to colonize 

by new-comers.  

These results - consistent within both our observational and experimental 

studies - suggest that mountain ecosystems are still relatively resistant to 
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change, unless disrupted by anthropogenic disturbances. However, the 

underlying results also highlight the urgent need to include these local-scale 

mechanisms, both abiotic, biotic and anthropogenically driven, in our 

assessments of species distribution changes, especially in light of a future 

with rapidly changing climate and increasing anthropogenic pressure. Only 

then, we can provide relevant insights for the future of species 

(re)distributions and the novel ecosystems that result from them. I thus 

advocate the use of recent developments in observation and modelling 

techniques to move towards a more mechanistic, dynamic and appropriately-

scaled approach to model species distributions to answer to the challenges 

ahead in an increasingly dynamic world. 
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Samenvatting 
 

De recente opwarming van het klimaat en toenemende menselijke 

aanwezigheid in de bergen hebben gezorgd voor een snelle opwaartse 

expansie van zowel uitheemse als inheemse plantensoorten. Bovendien zien 

we ook een toename in het aantal studies dat tegelijkertijd onverwachte 

neerwaartse verschuivingen in die verspreiding noteerde.  Deze snelle 

veranderingen in de verspreiding van soorten in wat vaak gezien wordt als 

een stabiel ecosysteem tonen het belang van onderzoek naar de oorzaken 

van die dynamieken aan. Enkel zo kunnen we accuraat de toekomst van deze 

kwetsbare ecosystemen in een veranderende wereld voorspellen.  

In deze thesis vat ik de resultaten samen van een reeks observaties en 

experimenten langs hoogtegradiënten in de bergen. Daarmee proberen we 

beter te begrijpen welke mechanismen op lokale schaal de verspreiding van 

soorten – en de recente veranderingen daarin – begrenzen. Ik gebruikte 

verschillende technieken om de rol van de mogelijk bepalende factoren te 

ontrafelen: 1) een wereldwijd netwerk dat de verspreiding van inheemse en 

uitheemse plantensoorten langs bergwegen monitort, 2) experimenten met 

uitheemse plantensoorten rond hun verspreidingslimiet in het koude klimaat 

van sub(ant)arctische bergen in Zweden en Chile, en 3) theoretische 

modellen die op de kleinste schaal de rol van klimaat en verstoring in het 

succes van planten voorspellen. Deze variatie aan technieken laat toe om de 

rol van menselijke interventies (verstoring, toename in nutriënten en input 

van zaden), klimatologische factoren en hun interacties op verschuivingen in 

de verspreiding van planten te bestuderen.  

Door een geïntegreerde studie van de interacties tussen lokale abiotische 

factoren (bv. microklimaat, bodemkarakteristieken) en biotische interacties 

(bv. facilitatie, competitie), vonden we dat verstoring – in de vorm van de 

verwijdering van de vegetatie zoals bijvoorbeeld in wegbermen - een kritieke 

rol speelt langsheen alle hoogtegradiënten, gedreven door de effecten van 

diezelfde verstoring op microklimaat, biotische interacties, bodem en influx 

van zaden. Op die manier overtreft zulke verstoring het klimaat als 

belangrijkste oorzaak van veranderingen in de verspreiding van 

plantensoorten in de bergen. Onverstoorde vegetatie daarentegen bleek 

verrassend moeilijk te koloniseren door nieuwkomers. Daar bovenop toonde 

de kleinschalige aanpak in deze thesis aan dat variaties in omgevingscondities 
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(bv. klimaat) op microschaal cruciaal zijn voor de finale regionale verspreiding 

van soorten.  

Deze resultaten – bevestigd door zowel de observationele als experimentele 

studies – suggereren dat bergecosystemen nog steeds relatief resistent zijn 

tegen veranderingen, tenzij ze worden blootgesteld aan menselijke 

verstoringen. Ze leggen echter ook de dringende nood bloot aan een 

integratie van lokale mechanismen – zowel abiotisch, biotisch, als van 

menselijke oorsprong – in hoe we kijken naar veranderingen in de 

verspreiding van soorten. Enkel zo kunnen onze modellen relevant blijven 

voor de voorspellingen van de veranderingen in de verspreiding van soorten, 

en de nieuwe ecosystemen die daar het gevolg van zijn, in een toekomst met 

naar verwachting snelle veranderingen in klimaat en toenemende menselijke 

druk op ecosystemen. Ik pleit in dit werk dus voor het gebruik van de talrijke 

recente ontwikkelingen in observaties en modeltechnieken om te evolueren 

richting een meer mechanistische, dynamische en correct-geschaalde aanpak 

bij het modelleren van de verspreiding van soorten. 
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I.1. Global change and species distributions 
 

One of the main ecological challenges of our time is understanding how 

ecosystems deal with the various threats of global change. For several 

species, the effects of global change - if it is climate warming, land use change 

or any other - result in significant changes in their distribution (Chen et al. 

2011). In this rapidly evolving world, such range shifts are indeed happening 

at an unprecedented rate (Walther et al. 2005, Chen et al. 2011).  

Climate warming has been shown to be a key driver of such species range 

changes. The observed increases in temperature are most likely to have a 

directional impact on species range shifts, as temperatures are 

autocorrelated in space, linking warmer conditions to lower latitudes or 

elevations, and cooler conditions to higher latitudes and elevations (Lenoir 

and Svenning 2015). Global analyses confirm this hypothesis, reporting across 

all taxa on average upward and poleward range shifts (Parmesan 2006). The 

velocity of distribution changes over time has been estimated to have 

occurred with a median rate of 1.69 km yr−1 (Chen et al. 2011) towards higher 

latitudes in the Northern Hemisphere (0.61 km yr−1 in an earlier review by  

Parmesan and Yohe (2003)) and a median rate of 1.1 m yr−1 towards higher 

elevations in mountain ecosystems (Chen et al. 2011). Additionally, recent 

research more and more acknowledges the crucial role of land use change as 

driver of species range shifts, often in interaction with climate (change) (Guo 

et al. 2018a). 

Next to these mostly climate-driven upward movements in native species, we 

can see the global movement of non-native species as an extreme and special 

case of these range shifts. Being it intentionally or unintentionally, humans 

have moved thousands of species across the world outside of their native 

ranges. These non-native species often show drastic and short-term changes 

in their distribution after their introduction and establishment, and they are 

seen to be moving upward and poleward at an even faster rate than their 

native counterparts (Wolf et al. 2016). Recent research suggests that global 

change in all its aspects will influence the spread of non-native plants 

(Bradley et al. 2010), with all studied factors (e.g. rising temperature, altered 

precipitation, nitrogen deposition, novel disturbances from changes in land 

use…) predicted to increase invasion risk on average (Dukes and Mooney 
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1999, Vila et al. 2007, Bradley et al. 2010). The drivers behind non-native 

species range changes are however often a complicated mix of (current and 

historic) abiotic conditions, biotic interactions, and anthropogenic influences 

on both, intertwined with the available propagule pressure and possible rapid 

evolutionary changes (Pauchard et al. 2009, Bradley et al. 2010).  

Poleward and upward shifts may very well be the most frequent types of 

range shifts that have been reported in response to recent global change, the 

number of observations of other types of range shifts – across longitudes in 

east-west direction, for example, or towards lower latitudes and elevations – 

is also increasing rapidly (Lenoir and Svenning 2015). Recent papers indeed 

reported in most cases extreme variation in the observed rates of warming-

induced range shifts, with a significant amount of these being counter-

intuitive downward range shifts (Lenoir et al. 2010, Angert et al. 2011). These 

range shifts may however not be so surprising once the local climate and land 

use changes are accounted for, as downslope range shifts of species may 

constitute an indirect biotic response to both climate warming and habitat 

modification (Lenoir et al. 2010). These discoveries suggest that the standard 

approach to study species range dynamics mostly relying on coarse-grained 

climate data is insufficient to understand their full complexity. Indeed, to 

obtain reliable predictions of plant species range changes under global 

change, the local scale is key (Illan et al. 2010). Yet, for the most critical 

drivers of range dynamics - climate and land use change - (Lenoir et al. 2008, 

Thuiller et al. 2008, Chen et al. 2011), local-scale phenomena are poorly 

studied so far. In this thesis, I aim to fill this gap by increasing our 

understanding of the local mechanisms behind species range shifts, to 

optimize the way in which we model the current and future distribution of 

species. To achieve this goal, I will use small-scale experiments, models and 

observations to disentangle these local drivers. 

Because different species respond at different rates and to varying degrees to 

global change, important interactions between species are often disrupted, 

and new interactions develop. The resulting novel biotic communities can 

result in rapid alterations of ecosystem functioning, with significant and 

sometimes unexpected consequences that affect both biological and 

anthropogenic communities (Hobbs et al. 2006, Pecl et al. 2017). As with 

other impacts of global change, species range shifts will result in “winners” 

and “losers”, yet the drastic impacts of species distribution changes on 

ecosystems include complicated feedbacks as well as linkages between 
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multiple interacting scales through whole ecosystems. The effects of global 

change can thus not be adequately anticipated unless changes in species 

distributions are explicitly included in our assessments (Pecl et al. 2017). In 

that regard, it is crucial to approach changing species distributions not only as 

a cause of mostly negative effects on ecosystems, e.g. through the impact of 

invasive non-native species on local ecosystems or society (Mack et al. 2000, 

Richardson et al. 2000), yet more importantly as the visible result of a rapidly 

increasing anthropogenic pressure on our world. We can thus identify (with 

Simberloff et al. 2013) a need to shift our attention away from a focus on the 

properties and (negative) effects of specific species when they invade a new 

environment to how anthropogenic influences (like climate and land use 

change) facilitate these introductions in general. In this thesis, I do not only 

aim to increase our understanding of the direct and indirect anthropogenic 

drivers of fundamental species range changes, yet I also hope to create 

awareness of how these novel ecosystems - of which the future nature and 

resilience to global changes is currently still hard to predict - are the ultimate 

outcome of a wide range of human actions.  

 

I.2. Species distributions in mountains 
 

Mountain ecosystems provide ideal case studies to study species range shifts, 

since the steep elevation-induced climate gradients drive rapid changes in 

species composition over short distances (providing a space-for-time 

substitution for climate change). Due to these broad elevational ranges and 

the related strong climate gradients, mountains feature high biodiversity, and 

globally contain some of the most important and vulnerable hotspots of 

biodiversity (Beniston et al. 1997, Körner 2003). They provide direct life 

support for close to 10% of the world’s human population, and indirectly to 

over half (Beniston et al. 1997). Mountain ecosystems are not only subject to 

changes in native species distributions, but global studies also show recent 

and rapid influx of non-native species (Alexander et al. 2016), providing an 

increasing yet still largely unquantified threat to mountain ecosystems 

(McDougall et al. 2011b), as well as an ideal case study on distribution 

changes (Petitpierre et al. 2016). Additionally, mountains host strong 

physiographically-driven variation in local climatic conditions (Körner 2003), 

and increases in land use change (Cernusca et al. 1999), providing the ideal 
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natural experiment to study the role of both local climate and land 

disturbance on species distribution changes. In the next paragraphs, I will give 

an overview of these global (and local) drivers of species distribution changes 

in mountains, with a focus on plant communities, the main interest of my 

thesis. 

I.2.1. Climate change and microclimate in mountains 
 

High elevation systems are likely to be particularly vulnerable to climate 

change (Theurillat and Guisan 2001), yet due to their orographic complexity, 

mountain climate change has also been shown to be highly complex 

(Beniston et al. 1997). Nevertheless, there are clear indications from a 

number of high elevation climate records that the amplitude of temperature 

changes in the last century has been greater in mountains than the observed 

climate change at the global scale (Beniston et al. 1997), and the 

discrepancies have since then only increased. Indeed, several mechanisms 

have been identified that result in an elevation-dependent warming that 

accelerates the rate of change in mountain ecosystems (Pepin et al. 2015). 

The first evidences of ongoing upward migration of alpine plant species 

already date back to the end of the previous century (Grabherr et al. 1994), 

and since then countless other studies confirmed these observations, with 

recently reported average upward shifts of often more than 20 m per decade 

(Kelly and Goulden 2008, Lenoir et al. 2008) and accelerating (Steinbauer et 

al. 2018), and even observations of upward shifts in whole biomes (Penuelas 

and Boada 2003). However, many studies also report a strong inertia of 

mountain vegetation against climate change. The plant species and 

ecosystems in the European Alps for example appear to tolerate an increase 

of 1–2 °C of mean air temperature, although the impact of land-use is very 

likely to negate this buffer in many areas by reducing the temperature buffer 

resulting from the vegetation cover (Theurillat and Guisan 2001). This inertia 

however suggests other factors might be at play that are overlooked by the 

traditional approach to study species range dynamics solely with coarse-

grained climatic data. In the next paragraphs I describe how the small-scale 

variation in abiotic conditions, land use and anthropogenic disturbances can 

result in a wide variety of effects on species distributions. 
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Alpine landscapes (i.e. landscapes 

above the tree line) are 

characterized by a complex 

topography, which can cause 

annual temperatures to vary more 

than 2°C within a particular 

elevation band (Scherrer and 

Körner 2011, Graae et al. 2012). 

This variability can reach up to 6°C 

within a given 1 km² spatial unit in 

northern Europe (Lenoir et al. 

2013). Topography and 

geomorphology affect the snow 

distribution and therefore the 

length of the growing season 

(Körner 2003). At high latitudes, 

where solar angles are low, micro-

habitats regularly have seasonal 

mean soil temperatures that are 

7°C warmer than free-air or 

synoptic (large scale) temperature 

(Scherrer and Körner 2010, Lenoir 

et al. 2013). In addition, biophysical 

processes due to the vegetation 

cover may further decouple upper atmospheric conditions from boundary 

layer effects (Geiger 1950) and thus provide peculiar microclimatic 

conditions. The interaction between such local climate and climate change 

provides the basis for hypotheses on the role of microrefugia (areas with 

relatively stable microclimate, where isolated populations can persist amidst 

unfavourable climatic conditions by shifting only a few meters to 

neighbouring locations with cooler conditions (Dobrowski 2011, Lenoir et al. 

2017)) and stepping stones (areas with microclimates that facilitate species’ 

upward or poleward range shifts (Hannah et al. 2014)).  

In order to integrate the local climatic conditions in our studies of plant 

species distributions, we need microclimatic data with a more accurate 

spatiotemporal resolution and scale. In this thesis, I provide insights on how 

Box 1. The definition of microclimate 

Climatic observations and models are 
often grouped into broad and ill-
defined spatial and/or temporal 
scales. This uncertainty results in 
widely varying definitions of what 
‘microclimate’ is. Most sources speak 
of ‘microclimate’ at a horizontal scale 
below 100 m and  temporal 
resolution of minutes, while 
‘topoclimate’ is used for climate at a 
spatial scale up till one or a few 
square kilometers and a temporal 
resolution of hours (Bramer et al. 
2018). Larger-scale climate is called 
‘mesoclimate’ (up to around 50 km 
with a resolution of days) or 
‘macroclimate’. 

In this thesis, we use the word 
‘microclimate’ for scales of a few 
meters, with a temporal resolution of 
hours, incorporating the effects of 
topography and vegetation cover at a 
spatiotemporal scale relevant to 
individual plants. 
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to obtain such data, and use it to study the local effects on species 

distributions. 

I.2.2. Land use and disturbance in mountains 
 

Land use practices in mountains mostly consist of pasturing (with strong  

effects of trampling and grazing on the vegetation), forestry (below the tree 

line), industry (mostly mining and hydroelectric installations), and tourism 

(winter and summer tourism) (Körner 2003). Most of these types of land use 

in mountains have one thing in common, which is a need for connectivity 

with the lowlands and other mountains, and thus they all result in a network 

of linear disturbances like trails and roads. The proven impact of the latter on 

plant species composition (Seipel et al. 2012), particularly pronounced when 

they span steep climatic gradients in mountains, makes them the ideal 

system to explore the local-scale effects of land use change on plant species 

distributions. Research on roadside plant communities in mountains mostly 

focusses on trends in species richness. With increasing elevation, native 

species richness in roadsides follows a hump-shaped (Whittaker and Niering 

1975, Arévalo et al. 2005) or decreasing (Paiaro et al. 2011) pattern, while in 

alien plant species richness along mountain roads a strong decline of species 

richness is found (Pauchard et al. 

2009, Alexander et al. 2011, Pollnac 

et al. 2012, Guo et al. 2018b).  

Disturbances of the native mountain 

vegetation, both large-scale like in 

roadsides and small-scale (e.g. gaps 

of a few centimeters), have been 

demonstrated to promote 

establishment of new colonizers and 

to facilitate range shifts (Arévalo et 

al. 2005, Pollnac et al. 2012, Milbau 

et al. 2013). More precisely, the 

physical removal of neighboring 

plant above- and belowground 

biomass and its associated soil 

perturbation has been shown 

repeatedly to promote non-native 

Box 2. The definition of disturbance 

Disturbance has been defined 
generally as ‘any relatively discrete 
event in time that disrupts 
ecosystem, community or population 
structure and changes resources, 
substrate availability, or the physical 
environment’ (Meurant 2012). 

In this thesis, disturbance is more 
specifally seen as the physical (and 
often anthropogenical) removal of 
vegetation, often repeatedly, as seen 
in road- and trailsides. In that regard, 
we use disturbance as a local ‘land 
use change’ from native, undisturbed 
vegetation to a vegetation that is 
(deliberately kept) discontinuous. 
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species establishment (Hobbs and Huenneke 1992, Davis et al. 2000). This 

positive effect could be driven by the reduced competition with the native 

vegetation in disturbed vegetation (Choler et al. 2001). However, the stress-

gradient hypothesis predicts that, in extreme environments, this type of 

disturbance would disrupt facilitative interactions between plants, thereby 

potentially hindering newcomer establishment (Maestre et al. 2009, He et al. 

2013). While the precise role played by disturbance on species interactions in 

cold environments thus remains unresolved, it is clear that both small-scale 

disturbances and large-scale changes in land use will have important effects 

on which (and how) species will coexist. 

 

  

  

Figure I.1. Examples of mountain roads and their roadsides as studied in this 

thesis. Top left: gravel road above the tree line in northern Norway. Top right: 

asphalt road in spring in Montana, USA. Bottom left: Californian poppy 

(Eschscholzia californica), a non-native species on Tenerife that spreads 

towards high elevations along roadsides. Bottom right: non-native North-

American Canadian horseweed (Conyza canadensis) along a road in the Swiss 

Alps.  
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In mountain roadsides (Fig. I.1), the effect of disturbance goes beyond the 

pure physical removal of vegetation and the associated changes in species 

interactions. While the latter is important – and often repeatedly performed 

in order to keep mountain roadsides free of overgrowth, mountain roads also 

locally affect soil conditions, like pH, nutrient availability or soil moisture 

(Müllerová et al. 2011). Moreover, roads have been shown to be important 

for the transportation of seeds up and down the mountain (Ansong and 

Pickering 2013). Under extreme environmental conditions such as at high 

elevations and latitudes, microclimate and local disturbances in roadsides 

might even interact. Disturbances might disrupt the microclimatic buffering 

provided by facilitative interactions between plants, thereby potentially 

hindering seedling establishment (Callaway et al. 2002, Cavieres et al. 2007, 

Cavieres et al. 2008). The true nature of these interactions is however largely 

understudied. In general, however, mountain roads provide a unique micro-

environment with likely important effects on local species presence. 

I.2.3. Non-native species in mountains 
 

Mountains have long been considered less invaded by non-native species 

than lowlands, because of the harsher climatic conditions and comparatively 

low human populations (Pauchard et al. 2009). High elevation sites are 

indeed so far relatively free from non-native plants (Alexander et al. 2016). 

Nonetheless, in total nearly 200 non-native plant species have been recorded 

from alpine environments around the world (Alexander et al. 2016). 

Surprisingly enough, only very few of the identified non-native species are 

specifically cold-adapted, with the overwhelming majority of newcomers 

showing a clear affinity to warmer environments (Alexander et al. 2016). This 

implies that the set of non-native plant species reaching high elevations 

around the world are not highly specialized stress-tolerators, but species with 

broad climatic tolerances capable of growing across a wide elevational range 

(Alexander et al. 2011). These patterns can be explained by the directional 

expansion of non-native species from lowland anthropogenic sources and the 

subsequent dropping out of species with relatively small elevational 

amplitudes, a process called directional ecological filtering (Alexander et al. 

2011).  

If mountains serve as a directional ecological filter, one would assume a 

steady decline in non-native species richness with elevation, as one after the 
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other species are being filtered out. This negative correlation with elevation is 

indeed the most commonly observed pattern for non-native plant species in 

mountain regions (Pauchard and Alaback 2004, Becker et al. 2005, McDougall 

et al. 2005, Pauchard et al. 2009), except for sub-tropical islands where 

extreme lowland conditions again result in a decline in non-native plant 

species diversity (Arévalo et al. 2005). Whether the observed decline is due to 

abiotic, biotic, or anthropogenic drivers is however hard to deduce from 

observations alone, because propagule pressure, anthropogenic disturbance, 

biotic interactions and bio-available nutrients all co-vary along the 

temperature gradient (Körner 2000, Pauchard et al. 2009), and have all been 

observed to correlate with the spread of non-native species in cold regions 

(Marini et al. 2009, Alexander et al. 2011, Pyšek et al. 2011, Kalwij et al. 

2015). 

Due to the clear upward expansion of non-native species into high-elevation 

environments and the timeliness of an increased understanding of their 

movement, non-native plant species provide an ideal case to study the 

drivers of species distribution changes at their cold-climate limit. Therefore 

they will feature in several case studies in this thesis.  
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I.3. Main objectives and methodology 
 

In this thesis, I aim to combine in-situ seed-addition experiments with the 

natural experiment resulting from the presence of roads in the 

climatologically challenging context of mountains to study the local-scale 

impacts of disturbance and climate on global plant species range shifts. This 

will help answering long-standing questions on both the importance of local 

drivers as on the impact of recent global change on rapid changes in plant 

species distributions. 

My project fits into the larger goals of a global network studying plant species 

distributions in mountains (MIREN, the Mountain Invasion Research Network, 

www.mountaininvasions.org). The aim of MIREN is to understand the effects 

of global change on species’ distributions and biodiversity in mountainous 

areas (Dietz et al. 2006, Kueffer et al. 2014). Recently, MIREN expanded its 

initial focus on non-native plant invasions in mountains to a more general 

assessment of species redistributions under different drivers of global 

change, including biological invasions, climate change and land-use change. 

MIREN performs global and regional observational and experimental studies 

along elevation gradients to disentangle the processes and mechanisms 

shaping mountain plant communities. The questions range from theoretical 

assessments of species distributions in mountains and thorough 

investigations of which mechanisms influence these (re)distributions under 

global change to more practical questions about impact and management of 

these species redistributions in mountains. The network has been established 

in 2005, and its core business lies in the long-term surveys of native and non-

native vascular species distributions along mountain roads, which are 

monitored since 2007 with 5-year intervals, in a growing set of mountain 

regions across the world. In this thesis, I will combine several methodologies 

to help answering these questions raised by MIREN and described above.  

In part II, I will use the observational framework of native and non-native 

plant species distribution surveys along mountain roads to understand how 

these roads change species composition and how they realise shifts in native 

and non-native species ranges. In a first chapter focussed on northern 

Scandinavia, I explore plant community dynamics across the elevation 

gradient. In the second chapter, I analyse across all MIREN regions how roads 

affect the elevational distribution of both native and non-native species. 

http://www.mountaininvasions.org/
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In part III, I aim to disentangle what drives the success of non-native plant 

species along cold-climate elevation gradients, and predict their possible 

success above their current range limits. More precisely, I look at the 

combination of anthropogenic factors (disturbance, nutrient addition, 

propagule spread) and small-scale heterogeneity in abiotic conditions (mainly 

microclimate). To realise this disentanglement, I use fully-factorial in-field 

seed-addition experiments across elevation gradients in the northern Scandes 

(Sweden) and southern Andes (Chile), in which I experimentally varied the 

above-mentioned anthropogenic factors and measured their effect on non-

native species success (chapter 3). Chapter 4 repeats this experiment, yet on 

north- and south-facing slopes at a 1000 m a.s.l. in the northern Scandes, to 

study the role of microclimatic variation.  

In part IV, I dive deeper into the role of local  change as drivers of regional 

distributions, arguing for the need to finetune measurements of abiotic and 

biotic drivers. For this, I use a theoretical model of the predicted role of biotic 

interactions on establishment in disturbances along stress gradients (chapter 

5), and a review of the availability and use of microclimate for species 

distribution modelling (chapter 6). 

In part V, I will integrate the knowledge gained in all the previous chapters to 

answer the following fundamental questions: 

- How do local (micro)climate and disturbance interact as drivers of 

regional plant species range changes? 

- Can we use the obtained knowledge on the mechanisms behind 

regional species range changes to increase the descriptive and 

predictive power of our models of plant species distributions? 

- How should we move forward to improve our understanding of the 

role of local factors in regional plant species distributions? 

- What is the impact of climate and land use change on mountain 

ecosystems, and how can this knowledge instruct mountain 

ecosystem management?  
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Chapter 1. Alien species in roadsides more easily invade 
alpine than lowland plant communities in a subarctic 
mountain ecosystem 
 

This chapter is based on: 

Lembrechts JJ, Milbau A, Nijs I (2014). Alien roadside species more easily invade alpine than 

lowland plant communities in a subarctic mountain ecosystem. PLoS ONE. 9 (2) e89664. 

 

 

 

 

 

 

 

Effects of roads on plant communities are not well known in cold-climate mountain 
ecosystems, where road building and development are expected to increase in future 
decades. Knowledge of the sensitivity of mountain plant communities to disturbance 
by roads is however important for future conservation purposes. 

We investigate the effects of roads on species richness and composition, including the 
plant strategies that are most affected, along three elevational gradients in a 
subarctic mountain ecosystem. We also examine whether mountain roads promote 
the introduction and invasion of alien plant species from the lowlands to the alpine 
zone. Observations of plant community composition were made together with abiotic, 
biotic and anthropogenic factors in 60 T-shaped transects. 

Alpine plant communities reacted differently to road disturbances than their lowland 
counterparts. On high elevations, the roadside species composition was more similar 
to that of the local natural communities. Less competitive and ruderal species were 
present at high compared with lower elevation roadsides. While the effects of roads 
thus seem to be mitigated in the alpine environment for plant species in general, 
mountain plant communities are more invasible than lowland communities. More 
precisely, relatively more alien species present in the roadside were found to invade 
into the surrounding natural community at high compared to low elevations. We 
conclude that effects of roads and introduction of alien species in lowlands cannot 
simply be extrapolated to the alpine and subarctic environment.  
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1.1. Introduction 

 

Roads have major effects on the ecosystems they cross (Forman and 

Alexander 1998, Trombulak and Frissell 2000, Laurance et al. 2009, Benítez-

López et al. 2010, Selva et al. 2011). They alter species composition in 

roadsides through habitat fragmentation (Forman and Alexander 1998, Selva 

et al. 2011), enhanced propagule dispersal (transportation of plant seeds by 

cars, animals and footwear (Von der Lippe and Kowarik 2007, Pickering and 

Mount 2010, Taylor et al. 2012, Ware et al. 2012)) and through changes in 

biogeochemistry (soil pH, nutrient status), hydrology and erosion (Forman 

and Alexander 1998, Trombulak and Frissell 2000, Johnston and Johnston 

2004, Müllerová et al. 2011). These processes withhold local species and 

promote the establishment of disturbance-tolerant, ruderal, and competitive 

species (Forman and Alexander 1998, Watkins et al. 2003, Arévalo et al. 2005, 

Zeng et al. 2011, Bergès et al. 2013).  

Roadside edges are mostly characterized by greater plant species richness 

than their surroundings (Harper et al. 2005, Paiaro et al. 2011, LaPaix et al. 

2012), although the promotion of these plant strategies and the local 

extinction of species poorly adapted to roadsides homogenize the roadside 

communities (Arévalo et al. 2005). Also alien species are known to be good 

colonizers of roadsides, and alien species pools accumulating in roadsides 

may be a source for subsequent invasion into the surrounding natural 

community (Gelbard and Belnap 2003, Flory and Clay 2006, Zeng et al. 2011). 

The influence of roads gradually declines with increasing distance to the road 

(Harper et al. 2005), ending at several to hundreds of meters or more. Size, 

usage and building material of the road all determine the depth of the edge 

effect (Esseen and Renhorn 1998, Harper et al. 2005, Avon et al. 2010, LaPaix 

et al. 2012). Together with the vegetation type, these factors also influence 

the invasibility of the surrounding natural communities (Gelbard and Belnap 

2003, Pauchard and Alaback 2004, Zeng et al. 2011). As an example, deeper 

edges are for instance found in boreal compared to temperate woods 

(MacQuarrie and Lacroix 2003, Harper et al. 2005). 

While road-based effects on plant communities are well studied in general, 

less is known of the effect of roads on (sub)arctic mountain ecosystems, 



PART II. Chapter 1 

37 
 

where typical roadside species might be limited by low temperatures and 

natural communities change rapidly over short elevation distances.  

Research on roadside plant communities in mountains has mostly focused on 

trends in species richness, thereby often comparing patterns of native and 

alien species. With increasing elevation, native species richness in roadsides 

follows a hump-shaped (Whittaker and Niering 1975, Arévalo et al. 2005) or 

decreasing (Paiaro et al. 2011) pattern.  In alien plant species richness along 

mountain roads, a strong decline of species richness is found (Pauchard et al. 

2009, Alexander et al. 2011, Pollnac et al. 2012) (but see Paiaro et al. 2011). 

The specific cause of this decline in alien species with increasing elevation is 

subject of debate. Either it is due to increasingly harsh abiotic conditions 

(Alexander et al. 2011), a low propagule pressure in the less anthropogenic 

highlands (Pauchard et al. 2009, Jakobs et al. 2010), or simply the lack of time 

to colonize higher elevations since recent introductions in the lowlands 

(Haider et al. 2010, Pyšek et al. 2011). The resistance of the resident plant 

communities (Quiroz et al. 2011) and how this changes with increasing 

elevation is also expected to play a role, but has been little studied in relation 

to the spread of alien species from mountain roads. Although with increasing 

elevation less alien species are found in natural vegetation (Seipel et al. 

2012), it is unclear whether this results from a smaller number of aliens in 

high elevation roadsides, or from a lower invasibility of high-elevation natural 

communities. How roads influence community composition in mountains in 

general, and whether and how the effect of roads changes with increasing 

elevation is still unexplored. 

This is the first study of the effects of roads on the composition of plant 

communities in subarctic mountains, where climate conditions provide 

limitations from low elevations onwards, and where there are short and 

steep gradients to the alpine zone. Our objectives were to determine (1) 

changes in the effects of roads on species richness and composition along 

elevational gradients, including the plant strategies that are most affected, 

(2) whether and how mountain roads promote the introduction and invasion 

of alien plant species in subarctic ecosystems. 
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1.2. Methods 

 

Study sites 

The study was carried out in July 2012 in the Northern Scandes, in the vicinity 

of Narvik, Norway, 220 km north of the Arctic Circle (68°26’18” N, 17°25’40” 

E). We selected three comparable mountain roads going from sea level to ca. 

720 m a.s.l. (the tree line in the area is situated at ca. 600 m a.s.l.). The roads 

were constructed in the eighties, and host both tourist traffic and regular 

summer traffic of trucks to hydropower plants in the mountains. The roads 

were gravel covered, in good condition and flanked with a drainage system; 

on one road, gravel addition was ongoing during the sampling period. No 

specific permissions were required for these locations and activities. The field 

studies did not involve endangered or protected species. 

The Norwegian west coast profits from the relatively warm North Atlantic 

Current, giving the lowlands a subarctic oceanic climate with an average 

annual temperature and precipitation of 3.8°C and 830 mm, respectively, and 

average July and January temperatures of 13°C and -4°C (Norwegian 

Meteorological Institute 2013). The lowland vegetation is characterized by 

forests dominated by mountain birch (Betula pubescens Ehrh. ssp. 

czerapanovii), willow (Salix sp.), and pine (Pinus sylvestris L.) with an 

understory of mainly ferns (e.g. Dryopteris expansa (C. presl) Fraser-Jenk & 

Jermy and Gymnocarpium dryopteris (L.) Newm.). On the mountain slopes, 

climatic conditions are drier and colder and from ca. 150 m a.s.l. the 

vegetation changes to nutrient-poor open forests with a dense understory 

dominated by bryophytes, Empetrum nigrum ssp. hermaphroditum L. and 

Vaccinium species (V. uliginosum L., V. vitis-idaea L. and V. myrtillus L.). 

Above the tree line, at around 600 m a.s.l., we found alpine vegetation 

dominated by bryophytes, dwarf shrubs (Betula nana L., Vaccinium sp., E. 

nigrum) and graminoids. The climatic and vegetation gradient thus shifted 

from productive, boreal lowland forests to poor alpine vegetation over a span 

of 720 m. 

Data collection 

Data collection followed the design of the Mountain Invasion Research 

Network (MIREN; www.miren.ethz.ch). Along each of the three roads, 20 T-

shaped transects were selected with an altitudinal interval of 30 to 35 m (Fig. 
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1.1). Every transect consisted of three adjoining plots, 2 × 50 m each, one 

parallel (adjacent) to the road (‘road’), and two perpendicular to it (‘mid’, 

‘far’). The far plots, ranging from 52 to 102 m away from the road, were 

considered to contain the natural plant communities. The plots perpendicular 

to the road were subdivided into subplots of 2 × 25 m (mid1, mid2, far1, far2; 

Fig. 1.1). The parallel roadside plot was placed at the first occurrence of 

roadside vegetation. Side of the road was decided at random, if not 

prevented by relief, impassable rivers or hairpin bends. Elevation and 

geolocation of transects and plots were recorded with a GPS in the middle 

and at the end of each plot. 

Figure 1.1. Transect outline. Transects were replicated 20 times along each of 

the 3 roads. Each plot (road, mid, far) measured 2×50 m, with the roadside 

plot parallel to the road, and the mid and far plots perpendicular. Mid and far 

plots both are divided in two subplots of 2×25 m each (mid1, mid2, far1 and 

far2).  

We recorded the cover of all native and alien vascular plant species at the 

plot level, and additionally species occurrence in subplots. Species were 

identified with Den nya nordiska floran (Mossberg and Stenberg 2010), and 

species status (native or alien) was determined with the help of national and 

international databases and expert advice (Weidema 2000, Gederaas et al. 



PART II. Chapter 1 

40 
 

2007, Gederaas et al. 2012, GBIF 2013, Alm 2013, DAISIE 2014). We define 

aliens as introduced from another region into the northern third of Norway 

after 1492. We used this cut-off date to allow comparison with the other 

research within the MIREN-consortium (Alexander et al. 2011, Seipel et al. 

2012). Due to dissimilarities in the definition of aliens in the different sources, 

a species was only considered an alien if stated as such by at least 2 

independent sources on a national (Weidema 2000, Gederaas et al. 2007, 

Gederaas et al. 2012, DAISIE 2014) or regional (Alm 2013, GBIF 2013) scale 

(Supplementary Material Table S1.1).  

In each plot, we noted mountain zone (lowland, montane, alpine) and habitat 

type (forest, open forest, shrubland, forb-grassland, riparian, rock). Cover 

classes (0-1%, 1-5%, 5-25%, 25-50%, 50-75%, 75-95%, 95-99%, 99-100%) were 

used to estimate by eye the amount of bare ground, total vegetation, 

disturbance, moss cover, creeks/rivers (open water), moisture (marshes and 

wetlands) and forest canopy. The centers of these cover classes were used in 

the statistical analysis. 

Grime’s triangle (Grime 1977) was used to classify species following their 

ecological strategy (ruderal, competitive or stress-tolerant). Specific species 

values were derived from www.floraweb.de (accessed October 2013). When 

a native species showed traits of different strategies, the percentage for each 

category was estimated (Pakeman 2004, Dainese and Bragazza 2012) and 

used to weigh native species richness of a plot in the analysis. For example, 

species with a strategy of CSR, in the middle of the triangle, would have a 

score of 0.33 for each strategy. 

All data will be made available through the global MIREN Invasive Species 

Database (www.miren.ethz.ch).  

Data analysis 

The relation between species richness and the aforementioned explanatory 

variables (mountain zone, elevation, distance to road, habitat, the amount of 

bare ground and disturbance and the cover of total vegetation, bryophytes, 

creeks/rivers, moisture and forest canopy) was analyzed with (Generalized) 

Linear Mixed Models (GLMMs, R-function: glmer/lmer (Bates et al. 2013)). 

GLMMs assuming a Gaussian distribution were used for native species 

richness, while alien species richness was best approximated with a Poisson 

distribution. We more specifically tested elevation, distance to the road and 
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their interactive effect on native species richness and alien species cover 

(Gaussian distribution) and on ruderal, competitive, stress-tolerant and total 

alien species richness (Poisson distribution). 

Transect and road identity were tested as random factors, with transect 

nested in road identity. In the analyses of native species richness and alien 

species cover, the log likelihood ratio showed significance for transect (P < 

0.05), so transect was kept in as a random effect. The models of alien species 

richness, cover and the alien species strategies did not show a significant log 

likelihood ratio and could be simplified to a regular generalized linear model 

without random effects (glm). The Akaike Information Criterion (AIC) was 

used to identify the GLMs with the best fit, comparing ANOVAs was used for 

the GLMMs.   

Cover percentage of total vegetation, mosses, E. nigrum and bare ground 

were tested with a glm (Gaussian distribution) as a function of distance to the 

road, elevation and their interaction. To analyze native and alien species 

richness in the subplots, we made use of generalized linear models (glm) with 

distance to the road as a factor and compared the results with a Tukey post-

hoc test (function TukeyHSD).  

Total species composition was analyzed with a Detrended Correspondence 

Analysis (DCA), based on the cover (%) of each species in each plot (decorana 

in the VEGAN package (Oksanen et al. 2013)). Plots were grouped into 9 

assemblages according to all combinations of elevation (low, mid, high) and 

distance to the road (road, mid, far). Ellipses of standard deviation were 

calculated to indicate significance (ordiellipse in the VEGAN package). 

To understand how roads eliminate local species and allow for new ones, we 

counted the number of both native and alien species that were present in the 

natural plant communities (far plots) but missing in the roadside, the number 

of species that were newly gained in the roadside, and the number of shared 

species between the roadside and the natural communities (per transect). 

These species counts were analyzed in linear models as a function of 

elevation, separately for ruderal, competitive and stress-tolerant species. 

Relative alien species richness in the natural plant communities was 

calculated as the ratio of alien species richness in the more distant plots 

(‘mid’ and ‘far’) to alien species richness in the roadside plot of the same 

transect. This parameter indicates the extent to which the roadside alien 
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species pool represents a source for invasion into the neighboring natural 

plant communities. Relative alien species richness was examined with a linear 

model with elevation as explanatory variable.  

Finally, we investigated whether maximum elevation (highest record) and 

elevational range (highest minus lowest record) were related across native 

and alien species. This relationship indicates the degree to which species can 

occupy the elevational gradient, taking into account the environmental 

barriers that constrain occurrence at higher elevation. Differences in range 

between natives and aliens were compared with a linear model containing 

both highest occurrence, status (native or alien) and their interaction.  All 

statistical analyses were performed in R (R Core Team 2013). Differences 

were considered significant if P < 0.05.  

 

1.3. Results  

 

Native species 

A total of 210 species were identified, of which 196 were native to the region. 

The best fitting GLMM-model for native species richness contained habitat 

factors (creeks/rivers, moisture, habitat type, percentage of vegetation 

cover), elevation, distance to the road and bryophyte cover (AIC = 1196.1, AIC 

= 1203.1 for the model containing all variables). Bare ground, disturbance and 

forest canopy did not explain any additional variation.  

Averaged over the three elevational gradients, roadside plots had higher 

native species richness than plots far from the road (P < 0.001), while in-

between plots had intermediate richness (Fig. 1.2a). This intermediate 

richness originated from higher richness in mid1 (the subplot closest to the 

road), while species richness in mid2, far1 and far2 did not differ (P = 0.001, 

0.02,  < 0.001 for mid1 compared with mid2, far1 and far2, respectively; P > 

0.05 for mid2, far1 and far2 mutually). However, these differences between 

roadside and natural vegetation disappeared with increasing elevation due to 

an interaction between elevation and distance to the road (Fig. 1.2b, P = 0.02 

for both mid and far), as species richness increased in mid and far plots only 

and remained constant in roadside plots. 
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Figure 1.2. Native species richness as a function of elevation and distance to 

the road. (A) Average native species richness (±1 SE) in plots across the 

elevational gradient. Different letters indicate significant differences (P < 0.05) 

in a Tukey’s post-hoc test. (B) Native species richness (number of species per 

plot) as a function of elevation. ●, black full line: roadside plots; ●, grey full 

line: mid plots; ○, broken line: far plots (see Fig. 1.1 for plot types).  

 

To understand these differences in species richness with distance to the road, 

we tested variables correlated with roadsides (Fig. 1.3) and elevation. 

Because no interaction between distance and elevation was found, the 

interaction term was left out. Roadside vegetation cover was 21-25% lower 

than in intermediate and far plots (Fig. 1.3a, P < 0.001), which was reflected 

in a drop in percentage cover of bryophytes and E. nigrum (the most common 

dwarf shrub of the natural plant communities) to close to zero (Fig. 1.3b and 

3c, P < 0.001). The amount of bare ground, on the other hand, increased with 

30% in the roadsides (Fig. 1.3d, P < 0.001). For none of these variables, 

significant differences between intermediate and far plots were observed (P > 

0.05). Only for bare ground a significant increase with elevation was found (P 

< 0.001). Vegetation cover declined simultaneously (P = 0.03).  
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Figure 1.3. Plot coverage as a function of distance to the road. Percentage of 

the plots (± 1 SE) covered with (A) total vegetation, (B) bryophytes, (C) the 

dominant species (E. nigrum) and (D) bare ground, as a function of distance to 

the road. Different letters indicate significant differences (P < 0.001). 

The interacting effects of elevation and distance to the road on species 

richness in Fig. 1.2b were explored further by analyzing species composition 

(Fig. 1.4). The DCA clearly distinguished between roadside communities (A) 

and communities close to (B) and far away (C) from the road (Fig. 1.4). 

Intermediate plots (B) had a species composition shifted slightly towards the 

roadside communities. The species composition changed gradually with 

increasing elevation, as shown by the arrow. On high elevations (H), species 

composition in both intermediate (B) and far (C) plots differed less from the 

roadside community than in the lowlands, confirming the pattern found in 

species richness. However, the larger ellipses indicate on average more 

variation and hence a larger heterogeneity on high elevations. 

To get a more detailed view of these shifts in community composition, we 

investigated the extent to which local species were eliminated in the roadside 

and, conversely, the extent to which the roadside was enriched with new 

species which did not occur in the natural plant communities (Fig. 1.5). On 

high elevations, more species from the natural plant communities were 

absent from the roadsides (‘species lost’, Fig. 1.5a, P < 0.001). However, the 

number of species unique for the roadsides (‘species gained’, Fig. 1.5b) 

decreased higher in the mountains (P < 0.05). The number of shared species, 

occurring both in roadsides and in the natural plant communities, was 

insensitive to elevation (Fig. 1.5c, P > 0.05).   
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Figure 1.4. Ordination of plots. DCA-ordination of plots (●) based on total 

species coverage. Ellipses indicate the standard deviations for different 

subgroups as a function of elevation and distance to the road. Elevation: 

H=highest third, M=middle third, L=lowest third of the gradient; road 

distance: A=roadside, B=mid, C=far (see Fig. 1.1 for plot types). The arrow 

represents the vector of increasing elevation. Eigenvalues of DCA1 and 2 are 

0.3479 and 0.2771 respectively. 

 

All three plant strategies from Grime’s triangle showed greater losses from 

the natural plant communities on high elevations, though the increase was 

most obvious for the stress-tolerant species (Fig. 1.5d,g,j, P < 0.001 for S, P 

between 0.001 and 0.01 for C and R). Conversely, the greater roadside 

species gain in lowlands relative to highlands was caused by more new 

competitive and ruderal species (Fig. 1.5 e,k, P between 0.01 and 0.05), but 

not by a higher gain of stress-tolerant species (Fig. 1.5h, P > 0.05). On high 

elevations, species gained in roadsides were mostly stress-tolerant species, 

while competitive and ruderal species were less abundant. In shared species, 

no significant trends with respect to plant strategies were observed (Fig. 1.5 

f,i,l, P > 0.05). 

  



PART II. Chapter 1 

46 
 

Figure 1.5. Changes in total species composition between roadside and far 

plots with elevation. Left column: number of species that were present in the 

natural plant communities but lost in the roadsides (= species unique for the 

natural plant communities). Middle column: species newly gained in the 

roadsides (= species unique for the roadsides). Right column: shared species 

between roadsides and natural plant communities. A-C = all species, D-F = 

competitive species, G-I = stress-tolerant species, J-L = ruderals, derived from 

Grime’s triangle. Significance of linear regressions: ***: P < 0.001; **: P < 

0.01; *: P < 0.05; .: P < 0.1; otherwise higher than 0.1.  
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Alien species 

Based on national databases, 11 aliens were identified (Aegopodium 

podagraria L., Festuca pratensis Huds., Phleum pratense L. ssp. pratense, 

Plantago major L., Poa annua L., Poa pratensis L. ssp. pratensis, Stellaria 

graminea L.,  Trifolium repens L., Trifolium pratense L., Tanacetum vulgare L., 

Vicia cracca L.). Three other species were added as regional aliens for 

northern Norway: Achillea millefolium L., Agrostis capillaris L. and Picea abies 

(L.) H. Karst). Two species were defined as aliens but left out of the analyses 

due to ambiguities with the determination of subspecies (Anthoxanthum 

odoratum L. and Taraxacum officinale L.). All aliens are from European or 

Eurasian origin (Weidema 2000). For details on aliens, see Supplementary 

material Table S1.1. 

64% of the aliens followed the competitive strategy, none of them were 

stress-tolerant species, only 7% were ruderals and the remaining 29% were 

generalist species (CSR-strategy). Because of the important fraction of 

generalists, they were used as an extra category in the analysis, without using 

the weighing factor. In general, differences in alien species richness and cover 

were best explained by elevation, distance from the road and native species 

richness (AIC = 355.4 for the GLMM of species richness, vs. 379.3 for the 

model containing all variables, AIC = 938.5 vs. 956.2 for species cover). 

Adding the interaction between elevation and distance from the road 

lowered the AIC further to 354.1 and 936.1 respectively. The interaction is a 

result of a strong decrease in aliens with elevation in roadsides, but a 

simultaneous increase in the natural vegetation (P < 0.001 and P = 0.03 for 

alien species richness in mid and far plots, respectively, p = 0.03 and P = 0.03 

for alien cover in mid and far plots).  

These contrasting trends between aliens in roadsides and the natural plant 

communities resulted in an increased relative alien species richness in the 

mid and far plots towards higher elevations (Fig. 1.6b, P = 0.01). On higher 

elevations, a larger fraction of roadside aliens could thus successfully invade 

the natural plant communities. This increase in invasion was larger in 

intermediate than in far plots.  
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Figure 1.6. Alien species 

richness as a function of 

elevation and distance to 

the road. (A) Alien species 

richness (number of species 

per plot) as a function of 

elevation.  Roadside plots (●, 

black line), intermediate 

plots (●, grey line) and far 

plots (○, dashed grey line). 

(B) Ratio of alien species 

richness in the natural plant 

communities to that in the 

roadside plot, with 

mid/roadside (●, grey line) 

and far/roadside (○, dashed 

grey line). Significance of 

linear regressions: see text. 

Symbols of different 

variables were slightly 

shifted to avoid overlap. 

 

 

CSR-types of the aliens changed over the elevational gradient, with 

competitive aliens being more abundant in the lowlands and decreasing with 

elevation (P < 0.001). On high elevations, they were replaced by an increasing 

relative amount of generalists (CSR type, P = 0.003). No interactions with 

distance to the road were found. 
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Figure 1.7. Elevational range of native and alien species. Relationship 

between elevational range and maximum elevation reached by native (●, 

dashed line) and alien (○, thick solid line) species. Symbols are constrained to 

the lower right of the graph (marked by the thin solid line), since the 

elevational range cannot exceed the maximum elevation. 

 

Alien species had a wider elevational range than native species, when species 

with the same maximum elevation were compared (Fig. 1.7, P = 0.02). This 

implies that the range of the aliens started at a lower elevation, hence these 

species were largely only constrained by the conditions higher in the 

mountains. In native species, the range was randomly distributed between 

small and wide and distributional constraints were present also at lower 

elevations. The interaction between elevation and status was not significant.  
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1.4. Discussion 

 

Native species 

Roadside edges in the subarctic mountains contained more species than the 

natural plant communities, which is similar to other ecosystems (Harper et al. 

2005, Paiaro et al. 2011, Zeng et al. 2011, LaPaix et al. 2012, Bergès et al. 

2013) (but see (Watkins et al. 2003)). Beside a potentially higher propagule 

pressure and better abiotic growing conditions (higher temperature, more 

light and nutrients and altered hydrology) in roadsides (Parendes and Jones 

2000, Trombulak and Frissell 2000, Johnston and Johnston 2004, Zeng et al. 

2011), our results point to a succession setback as probable cause for this 

greater richness. This conclusion is supported by the observed reduced 

vegetation cover and increased amount of bare ground in the roadside 

communities, which could provide more opportunities for germination. 

Especially the cover of E. nigrum ssp. hermaphroditum, a highly dominant 

clonal shrub known to impair the establishment of other species owing to its 

dense structure and production of allellopathic compounds (Tybirk et al. 

2000, Aerts 2010, Mossberg and Stenberg 2010) was significantly lower in the 

roadsides (2%) compared to the natural plant communities (26%). Also a 

similar decrease in (dense) moss cover in the roadside (from 47% to 10%) can 

be linked to higher germination and establishment chances (Morgan 2006, 

Eckstein et al. 2011). We therefore put forward that, even in harsh subarctic 

ecosystems, changes in community structure and plant-plant interactions 

may contribute to the impact of roads, in addition to dispersal-related and 

abiotic changes. 

Unexpectedly, the divergence in species richness between roadside plots and 

the natural community diminished when elevation increased. This pattern 

originated from enhanced species richness in the natural plant communities, 

while the roadside species richness remained approximately constant. The 

enhanced species richness at higher elevation in the natural communities 

might be attributed to the higher availability of bare ground for germination 

and the greater habitat diversity. Nevertheless, these greater species pools in 

the natural plant communities did not entail greater richness in adjacent 

disturbed roadside communities.  
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The species composition in the roadside changed along the gradient, and did 

thus not consist of a fixed set of typical roadside species. Notably the input of 

competitive and ruderal species that occurred exclusively in the roadside 

plots (i.e. which were not found in the natural plant communities) weakened 

higher in the mountains. The premise that mostly competitive and ruderal 

species benefit from roads (Watkins et al. 2003, Zeng et al. 2011, Bergès et al. 

2013) would thus not necessarily hold in alpine environments (and perhaps 

neither in other stressful environments). Instead, the fraction of stress-

tolerant species became more important, although this co-occurred with a 

higher loss of stress-tolerant species from the natural plant communities. This 

suggests that roadsides on high elevations serve as a refuge for a variety of 

alpine stress-tolerant species (although not necessarily the same species as in 

the nearby natural vegetation) rather than containing a large pool of ruderal 

and competitive species, some of which might be prone to invasion (see 

below).  

The edge effect on species richness had a limited spatial extent, only affecting 

the first subplot of the natural plant communities (Fig. 1.1) up to 27 m from 

the road. This matches the extensive use of the road (Avon et al. 2010), which 

limits the physical disturbance of bryophytes and dwarf shrubs needed for 

the germination of other species.  

Alien species 

The observed association of aliens with lowland roadsides (Giorgis et al. 2011, 

Paiaro et al. 2011, Pollnac et al. 2012) and the general decrease in alien 

species richness and coverage with elevation (Arévalo et al. 2005, Becker et 

al. 2005, Daehler 2005, McDougall et al. 2005, Pauchard et al. 2009, 

Alexander et al. 2011, Giorgis et al. 2011, Marini et al. 2012, Seipel et al. 

2012) are consistent with other studies, although the hump-shaped pattern 

of invasion is missing in our data. A possible explanation is the absence of 

limiting growing conditions in the lowlands that often create such a pattern in 

other study regions (Arévalo et al. 2005). In the studied subarctic mountain 

range, the best growing conditions occurred on the lowest elevations.  

The decline of alien species richness and coverage in the roadsides with 

increasing elevation and the wider elevational range of alien species 

compared to natives hint to patterns of invasion similar to those in literature 

(Becker et al. 2005, Alexander et al. 2011): mountains act as environmental 
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filters, with aliens establishing first in the lowlands. Only species that are 

successful under lowland climatic conditions can subsequently invade the 

mountains (Haider et al. 2010). Environmental constraints (Alexander et al. 

2011, Marini et al. 2012, Seipel et al. 2012), a lower propagule pressure 

(Quiroz et al. 2011) or decreased human land use (hence lower disturbance 

(Seipel et al. 2012)), provide a progressive drop-out of alien species with 

increasing elevation. This limits their occurrence higher in the mountains. We 

found this theory to hold true especially for competitive species, while 

generalist species managed to reach higher elevations in the mountains. 

Seipel et al. (2012) showed that these factors in some cases also result in a 

greater absolute loss of alien species away from the road on higher 

elevations. 

While our findings are largely in agreement with those of previous studies, a 

different perspective is provided by the observed interaction between 

elevation and distance to the road, as well as by our calculation of relative 

alien species richness (natural communities vs. roadsides). Relative alien 

species richness separates the influence of the roadside alien species pool 

(which depends on the lowland alien species pool and the ecological filtering 

by the mountain) from the influence of the invasibility of the alpine system. 

We observed greater absolute and relative alien species richness and cover in 

the alpine system than in lowlands, suggesting higher invasibility (in contrast 

to Seipel et al. 2012). Invasive escape was greater on higher elevations, even 

though the alien roadside species pool – and thus propagule pressure - on 

these elevations was smaller due to ecological filtering (Alexander et al. 2011, 

Aikio et al. 2012). Because plant strategies of alien species were unrelated to 

distance to the road and no interaction with distance and elevation was 

found for plant strategies, we expect this higher invasive escape on high 

elevations to be independent from alien plant traits (and thus invasiveness), 

but to originate rather from a higher invasibility of the alpine habitat. A 

higher invasibility can result from (1) more variable vegetation, (2) higher 

native species richness, (3) a lower vegetation cover or (4) an evolutionary 

history of low competition.  

A replacement of the common heathland vegetation by a more 

heterogeneous vegetation type could enhance invasibility, as heathland is the 

least invasible vegetation type in the subarctic (Milbau et al. 2013). Although 

we did not find a lower cover of E. nigrum or mosses on high elevations, the 

alpine vegetation showed more variation in species composition. This more 
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variable landscape can create more opportunities for invasion than the less 

heterogeneous lowlands.  

With this higher variation comes higher native species richness. In agreement 

with other observational studies on this spatial scale (Alpert et al. 2000, 

Fridley et al. 2007, Zeiter and Stampfli 2012) (but see Tilman 1997, Kuiters 

2013), this higher native species richness is linked to increased invasion. 

Possible explanations are a more heterogeneous environment (Zeiter and 

Stampfli 2012), or non-equilibrium conditions (Stohlgren and Schnase 2006, 

Fridley et al. 2007). Because of the previously shown correlation between 

alien and native diversity and a lower presence of the typical subarctic climax 

vegetation in our study plots, these explanations have a high probability. 

While the heterogeneous environment will be the main driver of the invasion 

in the natural vegetation on high elevations, the invasion in roadsides is more 

likely linked to non-equilibrium conditions. 

A third possible explanation is the creation of empty niches through the 

higher availability of bare ground (Burke and Grime 1996, Davis et al. 2000, 

Fridley et al. 2007).  While we consider this an important driver of invasion in 

the roadsides on low elevations, it is less likely to play an important role in 

the alpine environment. Conditions on bare ground in the climatically harsh 

alpine environment are less suitable for invasion, which may rather require 

facilitation (Callaway and Walker 1997, Choler et al. 2001, Callaway et al. 

2002, Brooker et al. 2008, Cavieres et al. 2008).  

Because of the higher importance of facilitation compared to competition in 

alpine conditions, the evolutionary history has shown relaxed selection for 

competitive ability (Alpert et al. 2000). This would imply that alpine species 

are evolutionary not prepared to deal with the increased disturbance caused 

by the building of the roads and the introduction of species with more 

competitive abilities.  

The conclusion that alpine habitats are more vulnerable to invasion adds to 

the growing evidence that risk of invasions in mountains may increase in a 

future with greater alien propagule pressure, as previous research showed 

that alien species germination is not likely to be affected by harsh climate 

conditions in mountains (Milbau et al. 2013) and aliens are still expanding 

their range in the mountains (Pyšek et al. 2011). 
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Conclusion 

The structure of mountain plant communities, the introduction of aliens in 

native communities, and roadside edge effects on plants have all been 

extensively studied in ecology. The integration of these community properties 

and processes as well as the location of the current study in the subarctic 

environment provide new input for the debate on their possible interaction. 

Our results suggest that alpine plant communities react differently to road 

disturbances than their lowland counterparts. The roadside plant 

communities on high elevations differed less from the local natural 

community and contained less competitive and ruderal species compared 

with lower elevations.  However, invasion by aliens into the natural 

vegetation occurred relatively more at high elevations, even though the alien 

species richness in mountain roadsides was lower. This higher invasibility on 

high elevations can be linked to a higher diversity in abiotic and biotic 

conditions and a relaxed selection for competitive ability in the alpine system. 

This highlights the fact that effects of roads on alien introduction in lowlands 

cannot simply be extrapolated to the alpine and subarctic environment. 
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Chapter 2. Mountain roads shift native and non-native plant 

species’ ranges 

 

This chapter is based on: 

Lembrechts JJ, Alexander JM, Cavieres LA, Haider S, Lenoir J, Kueffer C, McDougall K, Naylor BJ, 

Nuñez M, Pauchard A, Rew LJ, Nijs I, Milbau A (2017). Mountain roads shift native and non-

native plant species’ ranges. Ecography. 40 (3), 353-364. 

 

 

 

 

 

Roads are known to act as corridors for dispersal of plant species. With their variable 
microclimate, role as corridors for species movement and reoccurring disturbance 
events, they show several characteristics that might influence range dynamics of both 
native and non-native species. Previous research on plant species ranges in mountains 
however seldom included the effects of roads. To study how ranges of native and non-
native species differ between roads and adjacent vegetation, we used a global 
dataset of plant species composition along mountain roads. We compared average 
elevation and range width of species, and used GLMMs to compile their range 
optimum and amplitude. We then explored differences between roadside and 
adjacent plots based on a species’ origin (native vs. non-native) and nitrogen and 
temperature affinity. 

Most non-native species had on average higher elevational ranges and broader 
amplitudes in roadsides. Higher optima for non-native species were associated with 
high nitrogen and temperature affinity. While native species with a lowland origin 
showed patterns comparable to those in non-native species, native species from high 
elevations had significantly lower elevational ranges in roadsides compared to the 
adjacent vegetation.  

We conclude that roadsides indeed change the elevational ranges of a variety of 
species. These changes are not limited to the expansion of non-native species along 
mountain roads, but also include both upward and downward changes in ranges of 
native species. Roadsides may thus facilitate upward range shifts, for instance related 
to climate change, and they could serve as corridors to facilitate migration of alpine 
species between adjacent high-elevation areas. We recommend including the effects 
of mountain roads in species distribution models to fine-tune the predictions of range 
changes in a warming climate. 
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2.1. Introduction 

 

Mountain roads provide an important anthropogenic impact on global 

mountain ecosystems by causing reoccurring disturbances, changing species 

compositions, fragmenting habitats, changing the hydrology, soil ecology and 

nutrient availability, altering the microclimate, and funneling anthropogenic 

effects into the most pristine environments (Forman and Alexander 1998, 

Forman et al. 2003, Müllerová et al. 2011). In addition, roads might 

contribute to responses of vegetation to global change, especially in 

mountains, where roads span steep climate gradients over short distances 

and thus interact with sudden changes in environmental conditions 

(Pauchard et al. 2009). Thorough knowledge of the effects of mountain roads 

on plant elevational ranges will be important for mountain conservation in a 

future with a rapidly changing climate and increased anthropogenic presence 

in mountains.  

Previous research on plant species ranges in mountains have seldom included 

the effects of roads or, if they did, focused on either native or non-native 

species or only studied general patterns of species richness and composition. 

For non-native species, a general trend of upward movement in mountains 

has been documented over time (Pyšek et al. 2011), and in most regions, 

non-native species show a consistent pattern of declining abundance with 

elevation (Becker et al. 2005, Haider et al. 2010, Alexander et al. 2011, Haider 

et al. 2011, Juvik et al. 2011). Non-native species populations indeed seem to 

establish first in the lowlands and invade mountains from there, using roads 

as their main vector (Haider et al. 2010, Alexander et al. 2011, McDougall et 

al. 2011a). The function of roads as corridors for non-native species has also 

been reported several times in other ecosystems (Gelbard and Belnap 2003, 

Pauchard et al. 2009, Pollnac et al. 2012). Invasion away from roadsides into 

the adjacent mountain vegetation has until now been limited (Leung et al. 

2009, Alexander et al. 2011, Lembrechts et al. 2014, Pollnac and Rew 2014, 

Seipel et al. 2015), which suggests that disturbance might at this time be a 

more important explanatory variable than climate to explain the observed 

patterns of non-native species distributions in mountains (Marini et al. 2012).  

The effect of roads on native species’ elevational ranges is poorly 

documented. Knowledge of range changes of native terrestrial plants in 

mountain ecosystems is mostly limited to observations of temporal upward 
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range shifts in the light of contemporary climate change, unrelated to roads 

(Grabherr et al. 1994, Walther et al. 2002, Pauli et al. 2007, Lenoir et al. 2008, 

Felde et al. 2012). Several studies warn of rapid area loss for endemic high-

elevation species (Pauli et al. 2007, Jump et al. 2012), and a failure of lower 

elevation species to migrate upwards to track climate change (Bertrand et al. 

2011, Corlett and Westcott 2013). Recently, Lenoir et al. (2010) suggested 

that unexpected downward shifts of species’ lower elevational range limits 

(cf. the trailing edge) may be caused by complex interactions between 

climate change and increased disturbance levels. Knowledge of native 

species' distributions in mountain roadsides is fragmented and generally 

limited to patterns of species richness (Paiaro et al. 2011, Lembrechts et al. 

2014). A recent study in the northern Scandes showed that at lower 

elevations, mostly competitive and ruderal species benefit from roadside 

conditions, while in the alpine zone roadsides are mainly occupied by stress-

tolerant species (Lembrechts et al. 2014). Paiaro et al. (2011) suggested that 

roadsides may function as plant species corridors both in upward and 

downward directions. 

Roads combine several features that could potentially explain changes in 

plant species ranges in the ecosystems they cross. They host a more variable 

and extreme microclimate than the surrounding vegetation, affect soil 

hydrology, and improve nutrient availability through the addition of dissolved 

nutrients and volatile nitrogen oxides, and through an increase in soil pH 

(Forman et al. 2003, Johnston and Johnston 2004, Delgado et al. 2007, 

Müllerová et al. 2011). The role of vehicles and hikers as vectors for travelling 

species and the related increased propagule pressure along roads can also 

explain changes in the distribution of plant species (Forman and Alexander 

1998, Forman et al. 2003, Ansong and Pickering 2013). Finally, roadsides are 

disturbed environments (Forman et al. 2003), characterized by repeated set-

backs of succession to earlier stages (Güsewell and Klötzli 2012) and they 

consequently have reduced levels of competition (Forman et al. 2003). These 

lower levels of competition along roads might influence species distributions 

by allowing species to increase their realised niche width (Bolnick et al. 2010). 

Based on these features and the known higher alpha diversity of plant species 

in roadsides (Avon et al. 2010, Paiaro et al. 2011, Bergès et al. 2013, 

Lembrechts et al. 2014), an expansion of plant elevational ranges in roadsides 

compared to the surrounding vegetation can be expected in mountains. 

However, the sizes and directions of such shifts likely depend on species-
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specific characteristics, as different species will profit or suffer differently 

from the altered environment in roadsides.  

In this paper we compare differences in the elevational range of species in 

roadsides and the adjacent vegetation. Understanding the effects of 

mountain roads on species’ elevational ranges is not only important from a 

theoretical point of view, but also crucial to improve species distribution 

models to forecast future climate change impacts on mountain biota and to 

decide on informed management strategies for mountain ecosystems. We 

used a dataset based on a large-scale monitoring effort of plant species 

distributions along roadsides and within adjacent natural vegetation across 

elevation gradients in eight mountain regions (MIREN 2005), and applied two 

different modelling approaches to study general and species-specific range 

patterns. The observed patterns were then analysed for effects of a species’ 

origin (native or non-native) and temperature and nitrogen affinity (Landolt 

et al. 2010). We hypothesized that (1) elevational ranges are in general 

broader in roadsides than in the adjacent natural vegetation, (2) the 

difference in range amplitude between roadsides and adjacent plots will be 

more positive for non-native than for native species and (3), the magnitude 

and direction of differences for both native and non-native species will 

depend on a species’ ecological characteristics, with higher optima in 

roadsides compared to the adjacent plots for lowland nutrient- and 

temperature-loving species, but lower optima for highland species with 

opposite affinities. 

 

2.2. Material and methods 

 

Survey design 

Vegetation surveys were performed during the summer of 2012 (2014 in AR) 

in eight regions within MIREN (the Mountain Invasion Research Network) 

(MIREN 2005, McDougall et al. 2011a, Kueffer et al. 2014): the Andes in 

Argentina (AR), the Alps in Australia (AU), the Andes in Central Chile (CLC), 

Greater Yellowstone Ecosystem in Montana, USA (MT), the Northern Scandes 

in Norway (NO) and the Blue Mountains in Oregon, USA (OR), the Andes in 

Southern Chile (CLS), the Alps in Switzerland (SW), see Table 2.1. 
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In each region, three roads were selected (four in SW, one in CLC) that 

extended over a broad elevation gradient (spanning 618 to 1715 elevational 

meters depending on the region) and were open to vehicular traffic for at 

least part of the year. The lowest sampling point of a road was the point 

below which there was no substantial change in elevation anymore, the 

highest sampling point depended on regional constraints, such as roads 

ending, merging or substantially changing in character. The elevational range 

covered by each road was divided into 19 equally spaced elevational bands 

(20 in SW, 15 in CLC), giving 20 (21 in SW, 16 in CLC) sampling sites per road.  

At each sampling site, two 2 × 50 m² rectangular plots were laid out, with one 

plot parallel to the road (hereafter called ‘roadside’) and the other 

perpendicular to the centre of the first, with its midpoint 75 m away from the 

roadside and thus ranging from 50 to 100 m from the roadside (hereafter 

called ‘adjacent plot’). In all plots, occurrence (presence/absence) of all 

vascular plant species was recorded. 

Elevational range differences between roadsides and adjacent plots 

Ranges based on the elevation of occurrence of species were calculated 

separately for roadsides and adjacent plots. Although elevation differences 

might not have exactly the same ecological meaning in different study 

regions, e.g. because of regional differences in adiabatic lapse rates and 

precipitation gradients, elevation currently is the best available variable to 

study range shifts in mountains. The use of climatic data would explain shifts 

in a more ecological way, but the current scale of globally available climatic 

datasets is too coarse (~1 km²) to explain differences in elevational ranges on 

a scale of tens to hundreds of elevational meters in the mountains. 

Moreover, roadside-induced elevational range changes might not be a pure 

climatological effect, as other factors, such as disturbance and changes in 

nutrient levels, are likely to play an important role. 

To assess elevational ranges in roadsides and adjacent plots we calculated 

range optima and amplitudes for every species with at least ten occurrences 

per region, with a minimum of five in both roadsides and adjacent plots. The 

range optimum is defined as the average elevation of occurrence, or the top 

of the species’ occurrence curve, while the amplitude specifies the whole 

elevational range along which the species was observed (= range width).
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Table 2.1. Characteristics of the eight regions, including the coordinates, the number of roads sampled, the range from the minimum 

to the maximum elevation of the sampling plots, and the total number of non-native and native vascular plants with more than five 

occurrences in both roadside and adjacent plots recorded per region, with the number of species with known Landolt values in 

parentheses.  

Region Coordinates Roads Elevational 
range (m a.s.l.) 

Non-native 
species 

Native species 

Norway (NO) 68°19’ N 017°80’ E 3 13-697 0 (0) 47 (34) 
Switzerland (SW) 46°12’ N 007°12’ E 4 411-1802 0 (0) 101 (97) 
Oregon, USA (OR) 45°18’ N 117°48’ W 3 902-2265 25 (23) 121 (19) 
Montana, USA (MT) 44°48’ N 110°24’ W 3 1803-3307 7 (7) 70 (12) 
Central Chile (CLC) 33°54’ S  070°18’ W 1 1895-3585 2 (2) 5 (1) 
Australia (AU) 36°06’ S  148°18’ E 3 410-2125 12 (11) 47 (3) 
Southern Chile (CLS) 36°58’ S  071°24’ W 3 274-1668 19 (18) 16 (0) 
Argentina (AR) 41°10’ S  071°55’ W 3 857-1678 6 (5) 32 (0) 
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Differences in these values between roadsides and adjacent plots were 

calculated with two complementary approaches, of which the first one was 

coarse, allowing the use of a large species set and resulting in general and 

region-specific conclusions, while the second one was more detailed and 

precise, resulting in an ecologically meaningful grouping of a limited set of 

species based on the location of their optimum along the elevational 

gradient.  

In the first approach, average, minimum and maximum values of each 

species’ elevational range in the roadside and the adjacent plots were 

calculated per region (pooling all roads in a given region), hereafter called 

“dataset A1” (N = 510 region-specific values, for 438 different species). The 

difference between a species’ elevational occurrence optima was defined as 

the difference between its average elevation of occurrence in the roadside 

and in the adjacent plots. This resulted in positive values for species with a 

higher optimum in roadsides than in the adjacent plots, and vice versa. 

Differences between range amplitudes were defined as difference between 

ranges from maximum to minimum elevation of occurrence in roadside plots 

and adjacent plots.  

For the second approach, we compiled species- and region-specific 

generalised linear mixed models (GLMMs). Species presence/absence per 

plot was modelled with a binomial distribution, as a function of elevation and 

with or without an interaction term for distance to the road 

(roadside/adjacent). We distinguished between species with a second degree 

(quadratic) and first degree (linear) binomial distribution. The former 

indicated a range optimum along the gradient (negative quadratic function 

with optimum within the sampled range, “dataset A2”), the latter a linear 

distribution, for which the range optimum lay above or below the gradient 

(positive or negative linear functions, monotonically increasing or decreasing 

along the sampled gradient, “dataset A3”). We acknowledged possible 

differences between roads within a region by adding “road” as a random 

factor. Models were fitted in R with the function glmer from the package 

lme4 (Bates et al. 2013). The function aictab from the package AICcmodavg 

(Mazerolle 2015) was used to select the model with the best fit based on the 

lowest AIC value. For details on the used models and coefficients, see 

Supplementary material Methods S2.1. 
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There were 171 species for which the model with the best fit was a second 

degree function of elevation (dataset A2), of which 112 had next to this 

quadratic term a significant interaction between the linear elevation term 

and distance to the road, and 59 had an additional interaction between the 

quadratic elevation term and distance, hence showing a change in both 

optimum and amplitude (dataset A2). The difference between species optima 

was defined as the difference in elevational positions of the optimum 

information criteria (OPT) for roadside and adjacent plots (ter Braak and 

Looman 1986, Lenoir et al. 2008), calculated based on the coefficients from 

the GLMMs. Differences in range amplitudes were calculated by taking the 

difference between the GLMM’s tolerance information criteria (AMP) (ter 

Braak and Looman 1986, Lenoir et al. 2008, see Supplementary material 

Methods S2.1 for detailed calculations). Only those species that had an 

optimum elevation within the elevational range of the dataset were withhold. 

For 44 species, the model with the best fit included only the linear elevation 

term, and a significant interaction between elevation and distance (dataset 

A3). In these cases, the range edge (EDG) was defined as the inflection point 

of the model, and shifts in range edge between roadside and adjacent plots 

were examined (see Supplementary material Methods S2.1 for calculations). 

Species origin and indicator values 

All species were marked as native or non-native for every region in which 

they occurred, based on data available from the MIREN-network. Any species 

introduced after AD 1500 within a given region was considered as non-native 

(Nnon-native = 99). 

To verify if changes in species ranges between roadsides and adjacent plots 

can be explained by differences in species’ affinity for temperature or 

nitrogen, we used indicator values for temperature and nitrogen from the 

Flora Indicativa, available for a set of 184 unique species (Table 2.1, Landolt 

et al. 2010). Landolt indicator values range from one to five and characterize 

the average air temperature during the growing period of the species 

(“temperature”) and a species preference for soil fertility (“nitrogen”), with a 

value of one in both cases meaning a low affinity for the considered factor, 

and five a high affinity.  
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Landolt values were available for 88% (131 out of 148) of the species from 

the European regions (NO and SW), for 93% (66 out of 71) of the non-native 

species in all regions, and for 16% (31/191) of North-American native species 

(OR and MT) (Table 2.1). For native species from the southern hemisphere, 

Landolt value availability was limited (4%, 4/97). This implies that our 

analyses based on the Landolt values will be biased towards regions with 

higher data availability. This bias does however not occur for non-native 

species and is limited to native species from the southern hemisphere. The 

European regions (NO and SW) had no non-native species with more than ten 

occurrences; the South-American datasets (AR, CLC, CLS) contained fewer 

native species than the other regions. 

Statistical analysis 

Data from all three datasets (A1, A2, A3) were further tested with linear 

mixed models (LMMs) with species nested in region as a random factor 

(package nlme, Pinheiro et al. 2013). First, a null model without any fixed 

effects was used, to test if the average optimum and amplitude (from 

datasets A1 and A2) differed from zero. Similar linear null models were used 

to analyse region-specific patterns by testing each regional dataset 

separately. These models were recreated for native and non-native species 

separately.  

Next, LMMs with optimum, amplitude or edge as response variables, and 

species origin, species nitrogen and temperature affinity and their 

interactions as explanatory variables were used to explore correlations for all 

datasets, again with species nested in region as a random factor. For dataset 

A3, the location of the optimum (based on the slope of the linear curve with a 

positive slope indicating an optimum above the road fragment, and vice 

versa) was added as an extra fixed factor. Model simplification was done 

based on the lowest AIC value and significance of variables, and only the 

models with the best fit are shown. 

A correlation test was used to test consistency in species patterns between 

regions, both with the differences in optima and in range amplitudes. The 

same test was used to analyse the correlation between differences in optima 

and amplitudes and the difference in amount of occurrences between 

roadsides and adjacent plots, and to test the relation between regional 
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patterns for native species and the average nutrient affinity of a region’s 

native species pool.  

All data manipulations and analyses were performed in R (R Core Team 2013). 

 

2.3. Results 

 

General patterns 

There was no general significant difference in species’ elevation optima or 

amplitudes between roadsides and adjacent plots (LMMs, dataset A1, df = 

502, optimum P = 0.564, amplitude P = 0.373). Range amplitudes of non-

native species in dataset A1 were however on average 192 elevational meters 

broader in the roadsides than in the adjacent plots (Fig. 2.1, Table 2.2, right), 

which contrasted  with the observations for native species, for which no 

general trends could be observed (Table 2.2, Fig. 2.1A, C).  

In dataset A2, differences in optima and amplitudes for non-native species 

with optima along the studied road fragment were not significant (Fig. 2.1C, 

LMM, df = 39 (31 species), optimum: P = 0.579, amplitude: P = 0.538), but the 

results from dataset A1 were supported by the regional trends (Fig. 2.1B and 

2.1D, Table 2.2). Indeed, for four out of the eight regions (AU, CLS, OR and 

MT) we observed broader range amplitudes for non-native species in the 

roadsides in dataset A1. In OR and MT also, the optima were higher in the 

roadsides, but they were lower in AU and not significant in CLS. Moreover, in 

dataset A2, the one region (MT) with significant trends in non-native species 

showed on average higher optima in the roadsides than the adjacent plots 

(Fig. 2.1D).  

Native species on the other hand showed on a regional basis a trend towards 

lower optima in roadsides, a trend significant in three regions (dataset A1; 

AU, SW, NO; Fig. 2.1B, Table 2.2). In two regions, a smaller amplitude was 

recorded (AR, AU) and in SW the amplitude was broader in roadsides than 

adjacent plots. In dataset A2, patterns for native species were marginally 

significant for AU (smaller amplitude), SW (broader amplitude) and OR 

(higher optimum).  
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Figure 2.1. Differences (in elevational meters) in range optima (x) and 

amplitudes (y) between roadsides and adjacent plots for dataset A1 (top) and 

A2 (bottom), and for the global dataset (left) and the regional subsets (right). 

Species- and region-specific values are marked with small dots. In A and C, 

non-native species are marked with orange squares, native species with blue 

circles, in B and D they are left black for clarity. Overall average optima and 

amplitude values for natives and non-natives are marked respectively with a 

large blue dot and an orange square (A, C) (only the range amplitude for non-

native species from dataset A1 (Fig. 2.1A) differed significantly from zero). 

Regional averages (B,D) are marked with numbers, with larger fontsize for 

significant results. 1 = AR, Argentina, 2 = AU, Australia, 3 = SW, Switzerland, 4 

= CLC, Central Chile, 5 = CLS, Southern Chile, 6 = MT, Montana, 7 = OR, 

Oregon, 8 = NO, Norway. 
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Table 2.2. Estimates, P-values and degrees of freedom for general (all, bold) 
and regional linear mixed null models for range optima (left) and amplitudes 
(right), for non-native (top) and native (bottom) species. Significant P-values 
are marked with an asterix (*) and P-values between 0.05 and 0.10 with a 
period (.). Data from dataset A1. 

 

Non-natives Optimum ~ 1 Amplitude ~ 1 
 Estimate P-value df Estimate P-value df 

All 38.9 0.326 65 191.5 <0.001 * 65 

Norway - - - - - - 
Switzerland - - - - - - 
Oregon 110.9 <0.001 * 24 191.5 0.005 ** 24 
Montana 142.0 <0.001 * 6 213 0.148 6 
Central Chile 113 0.408 1 193.5 0.500 1 
Australia -99.8 0.039 * 11 304.6 0.074 . 11 
Southern 
Chile 

-8.6 0.705 18 162.7 0.010 * 18 

Argentina -0.6 0.986 5 31.2 0.560 5 

Natives       

All -14.4 0.212 431 -14.3 0.670 431 

Norway -29.8 0.002 * 46 0.872 0.970 46 
Switzerland -40.7 0.003 * 100 153.6 <0.001 * 100 
Oregon 14.2 0.138 120 -8.7 0.678 120 
Montana 23.8 0.061 . 69 -28.7 0.380 69 
Central Chile 54.4 0.362 4 -136.4 0.376 4 
Australia -97.3 0.010 * 46 -136.7 0.003 * 46 
Southern 
Chile 

-32.3 0.126 15 13.94 0.789 15 

Argentina -29.4 0.187 31 -51.8 0.021 * 31 
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Location of optimum along the gradient 

Species were classified based on the location of their elevational optimum by 

integration of dataset A2 and A3 to unravel trends in range differences based 

on a species’ location of origin that stay hidden in the general trends 

discussed before. 

The strongest range differences were observed for non-native species with an 

optimum below the sampled road fragments (Fig. 2.2, “lowland species”). For 

these species, their upper range edge occurred at higher elevations in the 

roadsides than in the adjacent plots (LMM, Estimate = 677.1, P = 0.021). Non-

native species with optima along the sampled road fragments, on the other 

hand, did not show a significant response (see also Fig. 2.1C), and non-native 

species with an optimum above the sampled road fragment were not 

observed. 

In native species, we observed different patterns for the three species 

groups: native species with their optimum below the sampled road fragment 

had upper edges at higher elevations in roadsides than adjacent plots and 

native species with an optimum along the sampled road fragment did not 

show any response. The lower range edges of native species with a range 

optimum above the sampled road fragments (“highland species”), on the 

other hand reached to lower elevations in the roadsides than the adjacent 

plots (LMM, Highland = -299.0, Lowland = 472.5, P = 0.002). An example of 

species with optimum along the roads (quadratic model) and below the 

sampled road fragment (linear model) can be seen respectively in Figures 

2.2C and 2.2D.  
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Figure 2.2. Top: Average elevational differences in edge (for species with an 

optimum below or above the sampled road fragment) or optimum (for species 

with their optimum along the road fragment) (± 1 SD) between roadsides and 

adjacent plots for non-native (A) and native species (B) separately. Bottom: 

Example of a species with its optimum along the sampled road fragment, 

showing a downward shift (C, Pinguicula vulgaris, Norway) and one with its 

optimum below the road, with a higher range end in the roadside compared 

to the adjacent plots (D, Tragopogon dubius, Montana). Red line = roadside, 

black line = natural vegetation, black arrow connects optimum (C) or edge (D) 

in the natural vegetation with the corresponding value in the roadside. Data 

from dataset A2 and A3. 
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Temperature and nitrogen affinity 

Next to species origin (native or non-native), species’ affinity for temperature 

and nitrogen also influenced how species ranges were affected by the 

presence of roads (Fig. 2.3, Table 2.3). In non-native species of European 

origin (94% of the 71 non-native species in dataset A1 and 92% of the 37 non-

native species in dataset A2), high nitrogen affinity was correlated to higher 

range optima in the roadside than in the adjacent plots, while low nitrogen 

affinity resulted in lower range optima (Fig. 2.3A and 2.3C). For the larger 

dataset A1, an additional trend related to temperature affinity was observed, 

with the highest difference in optima between roadsides and adjacent plots 

for non-native species with high indicator values for both nitrogen and 

temperature (upper right corner). It is however noteworthy that non-native 

species with an affinity for low temperatures (Landolt values < 3) were not 

observed, so almost no non-native species with lower roadside optima were 

recorded. In dataset A2, only the correlation with nitrogen remained (Fig. 

2.3C, LMM: Optima ~ 1.78*ORN (P = 0.06) + 0.61*N (P = 0.01) – 0.55*ORN*N (P = 0.06) – 

1.90 (P = 0.02)). Non-native species with lower temperature affinity tended to 

have broader range amplitudes than the more thermophilic non-natives 

(borderline significant in Table 2.3 for dataset A1). Range amplitudes did not 

correlate significantly with nitrogen affinity.  

Range optima of native species of European origin (48% of the 439 native 

species in dataset A1 and 38% of the 125 native species in dataset A2) 

showed the same correlation with nitrogen as those from non-natives (Fig. 

2.3B and 2.3D), with higher roadside optima for species with a high nitrogen 

affinity and vice versa, as there was no significant interaction between 

species origin and nitrogen (Table 2.3). The significant interaction of species 

origin with temperature affinity in dataset A1 resulted in lower optima for 

native species with a higher temperature affinity. In dataset A2, again a 

positive correlation of optima with nitrogen affinity could be observed, but it 

was less strong than in non-native species (Fig. 2.3D, model see previous 

paragraph). Range amplitudes for native species were on average always 

broader in roadsides. Patterns for temperature and nitrogen affinity in 

dataset A3 were not significant and are not shown. 

Regional models supported the abovementioned patterns (Table 2.3), 

although regional datasets were seldom large enough to allow the same 

model complexity. Differences in optima for native species were smaller than 
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those for non-natives in MT and OR and showed a positive correlation with 

nitrogen affinity in SW. Differences in amplitudes were also larger for non-

natives in AU, MT and OR, while the observed positive correlations with 

temperature affinity could also be observed in AU, CLS and SW. The regional 

differences in optima correlated significantly with the average nutrient 

affinity of the species recorded in that region (cor = 0.82, t = 3.539, df = 6, P = 

0.012), with relatively lower roadside optima in regions with on average 

lower nitrogen affinities and vice versa. 

 

 

Figure 2.3. Differences (in m) in elevational optima between roadside and 

adjacent plots for non-native (A, C) and native (B, D) species based on data 

from dataset A1 (A, B) and dataset A2 (C, D), as a function of nitrogen (x) and 

temperature (y) affinity. Graphs based on the general LMMs with the best fit 

(see Table 2.3). Red = positive values and thus higher optima in roadsides than 

in the natural vegetation, blue = negative values and thus lower optima, white 

= no clear trend.  
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Table 2.3. Estimates and P-values for general (all, bold) and regional linear mixed models for range optima (top) and amplitudes 

(bottom) for species origin (ORN = native, incercept is for non-native), nitrogen (N) and temperature (T) affinity and relevant two-way 

interactions. Only estimates and interactions shown for models with the best fit. Data from dataset A1. 

Optimum (Int) P ORN P T P N P ORN*T P T*N P 

All -204.7 0.038 177.0 0.079 42.9 0.062 25.8 0.005 -65.4 0.014 - - 

Norway - - - - - - - - - - - - 
Switzerland -187.4 <0.001 - - - - 50.1 0.001 - - - - 
Oregon 110.9 <0.001 -96.7 <0.001 - - - - - - - - 
Montana 142.0 <0.001 -118.3 0.004 - - - - - - - - 
Central Chile - - - - - - - - - - - - 
Australia - - - - - - - - - - - - 
Southern Chile - - - - - - - - - - - - 
Argentina - - - - - - - - - - - - 

Amplitude             

All -586.2 0.007 -659.2 0.006 -89.6 0.103 - - 108.7 0.086 - - 

Norway - - - - - - - - - - - - 
Switzerland -165.9 0.308 - - 99.7 0.048 - - - - - - 
Oregon 191.5 <0.001 -200.1 <0.001 - - - - - - - - 
Montana 213.0 0.046 -241.7 0.031 - - - - - - - - 
Central Chile - - - - - - - - - - - - 
Australia 1806.6 0.013 -2084.7 0.022 -375.7 0.038 - - 367.6 0.099 - - 
Southern Chile -4773.5 0.045 - - 1150.2 0.044 1648.4 0.031 - - -387.3 0.037 
Argentina - - - - - - - - - - - - 
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Table 2.3 shows that sufficient regional data to get a significant model was 

available for both parameters in three regions (MT, OR, SW) and for 

amplitude in an additional set of two regions (AU and CLS). For CLS, origin 

was not significant, and the model only holds for non-native species. In SW, 

model results only apply to native species. Patterns for species that occurred 

in at least two different regions were consistent for changes in range 

amplitudes (cor = 0.21, t = 2.033, df = 93, P = 0.045), but not for range optima 

(cor = -0.021, t = - 0.202, df = 93, P = 0.842). The observed changes in range 

amplitude in roadsides compared to the adjacent vegetation could be a 

statistical artefact of an increase in the presence of the species in the 

roadsides. There was indeed a correlation between the difference in the 

amount of occurrences and the difference in amplitude between roadsides 

and adjacent plots (cor = 0.465, df = 508, t = 11.830, P < 0.001), but not with 

the differences in range averages (cor = -0.016, df = 508, t = -0.362, P = 

0.718). 

 

2.4. Discussion 

 

Non-native species 

Elevational range amplitudes of non-native plant species were on average 

broader in the roadsides than in the adjacent vegetation. Roadsides have 

often been shown to serve as a vector for non-native species to higher 

elevations, as they combine the necessary propagule dispersal through 

human traffic with locally improved abiotic conditions (Seipel et al. 2012, 

Barros and Pickering 2014, Lembrechts et al. 2014). Concerning the latter, 

non-native species occurrence in roadsides has for example been linked to 

the occurrence of road edge habitats with increased resource availability 

(Paiaro et al. 2011, Pollnac et al. 2012), and in our survey, non-native species 

with high nitrogen affinity indeed showed the largest increases in elevational 

optima in roadsides. The higher nutrient levels that are commonly recorded 

in roadsides could thus serve as a trigger for the successful establishment of 

non-native species in roadsides at higher elevations (Davis et al. 2000, 

Godefroid and Koedam 2004, Müllerová et al. 2011, Paiaro et al. 2011). These 

higher nutrient levels might especially be important facilitators of non-native 
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species establishment at the highest elevations, as alpine environments are 

often nutrient-limited. 

Surprisingly, all observed non-native species had moderate to high 

temperature affinities (Landolt values of three or more), indicating that 

adaptation to lowland climatic condition is a premise for non-native species 

to invade mountain ecosystems (Alexander et al. 2011). Direct transportation 

of cold-adapted species from one mountain region to the other is thus 

apparently until now a minor process, although it remains a high risk as a 

driver of future mountain invasions (Pauchard et al. 2009).  

The expansion of non-natives, especially lowland species with high nitrogen-

affinity, along roadsides, strengthens conclusions from other research that 

the distribution of non-native species in mountains is currently more 

determined by the presence of suitable growing conditions (e.g. less 

competition and more nutrients in roadsides) and the availability of 

propagules (facilitated by roads) than by climatic or elevational limitations 

(Marini et al. 2012). Their roadside ranges indeed indicate that they can occur 

at higher elevations in the mountains than they are currently found in the 

adjacent natural vegetation. Our data hint that although all non-native 

species have broader ranges in the roadsides than in the adjacent plots, non-

native species better adapted to mountain climates (lower Landolt 

temperature values) show the largest range expansion (Pauchard et al. 2009, 

Lembrechts et al. 2014). It should be noted, though, that the observed 

increases in range amplitudes could partially be a statistical artefact of a 

higher occurrence of a species in the roadside. The directionality of the 

observed shifts however indicates that the increased amplitudes are more 

than just directed by chance. 

Regional patterns for non-native species in our dataset were mostly 

consistent with the global results. Non-native species for example showed 

broader roadside range amplitudes in all of the regions (although only 

significantly in those regions were data availability was sufficient), which 

strengthens the conclusion that a broader elevational range for non-native 

species in roadsides is a global pattern (Seipel et al. 2012). The absence of 

non-native species with more than 10 occurrences in Old World regions (NO 

and SW) is probably due to the Eurasian origin of many mountain invaders 

(Seipel et al. 2012). The two regions (MT, OR) that showed a higher optimum 

for non-native species in the roadsides than the adjacent vegetation were 
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located in a temperate climate, while the one negative optimum difference 

occurred in a Mediterranean climate (AU). In the latter system, drought and 

heat – which are amplified in roadsides - might actually restrict invasion in 

lowlands more than at intermediate elevations, which could explain the 

reversed pattern. 

Native species 

Native species also generally had broader range amplitudes in roadsides than 

in the adjacent vegetation (Table 2.3), although the difference was less 

pronounced than for non-native species. We could, however, not observe any 

general pattern for range changes, due to the presence of three species 

groups with opposite trends. Indeed, lowland species had an upward increase 

in their upper edge in roadsides, while the lower range edges of high 

elevation species reached to lower elevations, with both patterns levelling 

each other out in the intermediate group. Native species with high nitrogen 

affinity, but low temperature affinity, also showed higher range optima in the 

roadside, confirming previous research (Godefroid and Koedam 2004, 

Müllerová et al. 2011, Lembrechts et al. 2014), while native species with low 

nitrogen affinity had relatively lower roadside range optima, although these 

conclusions are only based on 48% of the observed native species.  

Trends in the direction of the optimum for native species varied between 

regions, although differences were negative in all significant cases (Fig. 2.1B, 

Table 2.2). The final pattern depended on the average nutrient affinity of the 

species in the regional dataset. Regions with native species with lower 

nitrogen affinity showed lower optima in roadsides than in the natural 

vegetation, and vice versa. This could either be an artefact of the limited 

availability of Landolt values for non-European regions or link to varying 

patterns of soil fertility between regions.  

General effects of roads on native and non-native plant ranges 

Patterns were surprisingly similar between lowland native and lowland non-

native species. Roads thus serve as a vector for (both native and non-native) 

lowland plants and facilitate their invasion towards higher elevations 

(Alexander et al. 2011, Taylor et al. 2012). That these patterns were not 

limited to non-native species might indicate an additional use of roads as 

pathways for native species expanding their ranges into mountains under 

climate change. This relates to the observed upward spread of lowland 
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species in mountains as so-called local invaders in a warming climate (Lenoir 

et al. 2010). Roads might promote the spread of such species triggered by 

climate change by providing an easy pathway to reach elevations above their 

current climatic limits, from where they can start colonising the adjacent 

natural vegetation. This process could accelerate climate change induced 

range shifts as roads weaken barriers, such as biotic competition and low 

nutrient levels, experienced by upward moving species (Walther et al. 2005, 

Lenoir et al. 2009, Lenoir et al. 2010, Zhu et al. 2012). Roadside processes 

thus could increase the discrepancy in the upward moving speed of different 

species under climate change, by facilitating the upward movement of fast-

growing species with a quick generation turn-over even more than already 

observed  (Lenoir et al. 2008). 

High-elevation species surprisingly showed an opposite trend, with lower 

reaching lower edges in roadsides than in the adjacent vegetation. Our 

results suggest that those species might benefit from the altered abiotic 

conditions and the competitive release in roadsides to expand their ranges 

towards lower elevations, against the general uphill movement driven by 

climate change (Forman et al. 2003, Lenoir et al. 2010, Lembrechts et al. 

2014). As the lower realised range margin of alpine species is often not 

defined by abiotic conditions but by their inability to compete with faster 

growing lowland species (Lenoir et al. 2010, le Roux et al. 2012), this 

downward shift along disturbed roadsides areas should not come as a 

surprise. Competitive release has earlier been suggested as a driver of similar 

unexpected downward range shifts of plants as climate warms (Vetaas 2002, 

Lenoir et al. 2010). Our results imply that roadsides could serve as corridors 

for native species movements, bridging lowland gaps between separate 

populations of certain mountain species.  

It has often been observed that mountain species have lower nitrogen affinity 

(Körner 2003), and in our results lower optima in roadsides are similarly 

linked to lower nitrogen affinity. We thus observe two contrasting nutrient-

related patterns, with both species with low and high nitrogen affinity 

showing broader ranges in the roadsides than in the adjacent vegetation. 

Species with low nitrogen-affinity are not restricted to nutrient-poor 

environments, but microvariation in roadside habitats has also been proven 

to result in a variety of abiotic conditions (e.g. edges versus fill slopes) (Paiaro 

et al. 2011), suggesting that highland species with low nitrogen affinity might 

use other parts of the roadside than lowland species. Fill slopes for example 
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have high resource availability and facilitate fast-growing lowland species 

through resource enrichment, while rocky roadside substrates have scarce 

soils and unstable hydrological and thermal conditions and thus favour the 

presence of stress-tolerant species. This implies that roadsides host a large 

variety of plant species on a small surface area, increasing their vulnerability 

for instability. 

Several species occurred in more than one region and differences in their 

range amplitudes were positively correlated between regions, implying that 

species ranges would in general either be positively or negatively affected by 

roadsides, regardless of the region. Directions of changes in optima did not 

show a significant correlation, indicating that there was still a significant 

portion of regional variation in the effects of roads at species level, despite 

the general trends and the consistency in their affinity for roadsides or not. 

Possible explanations for these differences could be residence time of non-

native species, regional climatic differences or region- or road-specific 

variation such as levels of roadside disturbance.  

It is clear from these results that the elevational range of a wide variety of 

plant species differs between roadsides and the adjacent vegetation. 

Surprisingly, these range differences are not limited to the well-documented 

expansion of non-native species along mountain roads, but also include 

native species, which, depending on the species, show either higher or lower 

range optima in roadsides. The consistent trend towards broader range 

amplitudes in roadsides for both native and non-native plant species might 

find its main explanation in the reoccurring disturbance events in roadsides 

that alter resource availability and biotic interactions, which have a known 

positive impact on both ruderal native and non-native species, as well as 

stress-tolerant mountain species (le Roux et al. 2012). Several other factors 

probably play a role, like the presence of vehicles that can serve as vectors for 

species movement up and down mountain roads, thereby facilitating invasion 

at other elevations (Von der Lippe and Kowarik 2007). Small-scale variation in 

abiotic conditions in close proximity to roads could play an additional role in 

creating different niche spaces (Paiaro et al. 2011). 
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Implications 

It is currently not possible to predict the stability of the range changes 

observed in roadsides because source-sink dynamics might be more 

important drivers of the observed changes in elevational niches on a long 

temporal scale. Thanks to the improved mobility in roadsides, species might 

indeed quickly establish roadside populations at high or low elevations which 

are potentially outside of their longer-term elevational niche. It is also 

important to keep in mind that roadside environments are highly unstable 

and comprise only a small part of the mountain area, which means that a 

stable source population might remain necessary to maintain the observed 

role as a refuge for these species outside their current range in the natural 

vegetation. Our results however suggest that roads play a more important 

role as drivers of range changes than previously assumed. They likely 

facilitate climate-induced upward range shifts for both native and non-native 

plant species and they could serve as corridors to facilitate exchange of alpine 

species between adjacent high-elevation mountain sites and slow down the 

observed upward retreat of the trailing edge of these species under climate 

change (Lenoir et al. 2010).  

We conclude that roadsides indeed serve as corridors for species movements 

and as such trigger range dynamics of species (whether native or non-native) 

into new climatic zones (Paiaro et al. 2011). Lowland species with high 

nutrient affinity profit the most from these altered conditions and patterns 

are strongest for, but not limited to, non-native species. Roadsides can hence 

serve as an important early detection system where shifts in species ranges 

will become visible first. These monitoring systems in roadsides might 

however be sensitive to short-term population fluctuations, but are 

nevertheless useful to finetune existing species distribution models. By 

adding roadsides as an extra factor, the description of true realised 

elevational niches will be more accurate and predictions of range changes 

under future climate conditions will be more reliable. 
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Chapter 3. Disturbance is the key to plant invasions in cold 

environments 

 

This chapter is based on: 

Lembrechts JJ, Pauchard A, Lenoir J, Nuñez MA, Geron C, Ven A, Bravo-Monasterio P, Teneb E, 

Nijs I, Milbau A (2016). Disturbance is the key to plant invasions in cold environments. 

Proceedings of the National Academy of Science of the USA 113 (49), 14061-14066. 

 

 

 

 

 

 

 

 

Until now, non-native plant species were rarely found at high elevations and latitudes. 
However, partly due to climate warming, biological invasions are now on the rise in 
these extremely cold environments. These plant invasions make it timely to undertake 
a thorough experimental assessment of what has previously been holding them back. 
This knowledge is key to develop efficient management of the increasing risks of cold-
climate invasions. Here, we integrate human interventions (i.e., disturbance, nutrient 
addition and propagule input) and climatic factors (i.e., temperature) into one seed-
addition experiment across two continents: the subantarctic Andes and subarctic 
Scandinavian mountains (Scandes), to disentangle their roles in limiting or favoring 
plant invasions. Disturbance was found as the main determinant of plant invader 
success (i.e., establishment, growth and flowering) along the entire cold-climate 
gradient, explaining 40-60% of the total variance in our models, with no indication of 
any facilitative effect from the native vegetation. Higher nutrient levels additionally 
stimulated biomass production and flowering. Establishment and flowering displayed 
a hump-shaped response with increasing elevation, suggesting that competition is the 
main limit on invader success at low elevations, as opposed to low growing-season 
temperatures at high elevations. Our experiment showed, however, that non-native 
plants can establish, grow and flower well above their current elevational limits in 
high-latitude mountains. We thus argue that cold climate ecosystems are likely to see 
rapid increases in plant invasions in the near future as a result of a synergistic 
interaction between increasing human-mediated disturbances and climate warming. 
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3.1. Introduction 

 

Although plant invasions in cold environments have increased significantly in 

recent decades, and are expected to advance even more under future 

scenarios of global change (Becker et al. 2005, Alexander et al. 2011, Seipel et 

al. 2012, Marini et al. 2013, Lembrechts et al. 2014), high-elevation and high-

latitude areas are still mostly invader-free (Pauchard et al. 2009, McDougall 

et al. 2011b, Pyšek et al. 2011, Alsos et al. 2015, Pauchard et al. 2016). 

Whether the current barriers are mostly abiotic, biotic or anthropogenic is 

however hard to deduce from observations alone, because propagule 

pressure, anthropogenic disturbance, biotic interactions and bio-available 

nutrients all co-vary along a temperature gradient (Körner 2000, Pauchard et 

al. 2009), and have all been observed to correlate with the spread of non-

native species in cold regions (Marini et al. 2009, Alexander et al. 2011, Pyšek 

et al. 2011, Kalwij et al. 2015). Experiments have also revealed declining 

invasiveness and/or invader performance (Ross et al. 2008, Haider et al. 2011, 

Haider et al. 2012) with increasing elevation and lower temperatures in 

several mountain regions (Milbau et al. 2013). Yet, we still lack the 

experimental data to disentangle the roles of all potential determinants (i.e., 

temperature, disturbance, soil nutrients and propagule pressure) underlying 

plant invasion in cold-climate regions. Such knowledge is key for developing 

strategies to limit the spread of non-native species towards colder areas. 

In mountains, both large-scale (e.g., roads) and small-scale (e.g., gaps of a few 

cm) disturbances have been demonstrated to promote invader establishment 

and to facilitate range shifts (Arévalo et al. 2005, Alexander et al. 2011, 

Pollnac et al. 2012, Milbau et al. 2013, Lembrechts et al. 2014, Lembrechts et 

al. 2017a). More precisely, in lowland conditions the physical removal of 

neighboring plant above- and belowground biomass (cf. reduced 

competition) and its associated soil perturbation has been shown many times 

to promote plant invasion (Hobbs and Huenneke 1992, Davis et al. 2000). 

However, the stress gradient hypothesis predicts that in extreme 

environments, this type of disturbance would disrupt facilitative interactions 

between plants, thereby potentially hindering invader establishment (Ansari 

and Daehler 2010, Lembrechts et al. 2015). Indeed, disturbance has been 

shown to suppress non-native seedling emergence at high elevations (Paiaro 

et al. 2007, Poll et al. 2009) and facilitation by alpine cushion plants promotes 

the invasion of non-native species in dry mountain regions (Cavieres et al. 
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2005a). Apart from the expected shift from competition to facilitation with 

increasing abiotic stress (Callaway et al. 2002) (cf. cold stress here), the biotic 

resistance from resident communities also declines towards colder climates, 

making invader success more likely in the undisturbed vegetation 

(Lembrechts et al. 2014). However, the precise role played by disturbance in 

cold climates currently is unresolved; although evidence points towards a 

shift from a positive to a negative effect with decreasing temperatures 

(Lembrechts et al. 2015). 

Low nutrient levels also constrain plant growth in alpine and arctic 

ecosystems (Körner 2003, Concilio et al. 2013). A recent meta-analysis has 

shown consistently less invasion in nutrient-poor environments (Zefferman et 

al. 2015), and nutrient addition is known to promote non-native species 

within and outside mountain regions (Hobbs and Huenneke 1992, Leishman 

and Thomson 2005, He et al. 2011). Yet, atmospheric nitrogen deposition, 

agriculture and stimulated mineralization under climate change are rapidly 

increasing the availability of nutrients in colder regions (Körner 2003). 

Nonetheless, experimental proof of their effects on non-native species is 

limited. 

Most observations of mountain plant invasions can be linked to the 

introduction of propagules with human vectors (Wasowicz 2015). The 

proximity of such vectors is indeed often a prerequisite for invasion (Whinam 

et al. 2005, Giorgis et al. 2011, Ansong and Pickering 2013, Ansong and 

Pickering 2014). For example, the link between roads or trails and plant 

invasion is widely recognized (Pauchard et al. 2009, Alexander et al. 2011, 

Pollnac et al. 2012, Seipel et al. 2012, Barros and Pickering 2014), although it 

remains unclear whether this association arises from their role as corridors or 

as providers of suitable micro-environments (Zefferman et al. 2015). 

Experiments have shown that a low propagule pressure, together with poor 

soils, controlled the invasion of Taraxacum officinale in dry-climate 

mountains (Quiroz et al. 2011), thus overruling disturbance. However, 

experiments comparing the performance of plant invaders in their native and 

invasive range in mountain regions showed no limiting effect of propagule 

pressure (Ross et al. 2008, Alexander et al. 2009b). 
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High latitude mountain gradients provide an ideal study system to 

disentangle the roles of the main determinants of plant invasion in cold 

climates. Non-native plant species reach their current cold climate limits 

along the steep climatic gradients in sub(ant)arctic mountains, with high 

levels of invasion in lowlands, yet currently still invader-free environments at 

higher elevations (Lembrechts et al. 2014, Pauchard et al. 2016). The 

presence of invaders in the lowlands, the predicted climate warming, and 

increasing human intervention is soon likely to lead to increased levels of 

invasion at high elevations. 

Here, we report a multifactorial experiment (Fig. 3.1) with ten mountain plant 

invader species added as seeds along elevational gradients in two high-

latitude mountain regions, the subantarctic Andes (hereafter called Andes) 

and the subarctic northern Scandes (hereafter called Scandes). The 

experiment disentangles the effects of all above-mentioned determinants, 

and their interactions, on invader success (establishment, growth and 

flowering) along gradients of elevation, temperature and native community 

productivity. We answer the question: which combination of temperature, 

disturbance, soil nutrient levels and propagule pressure promotes plant 

invasion across all studied species in cold environments? By disturbance, we 

here (and throughout this chapter) refer to neighbor plant removal and its 

associated soil perturbation. We hypothesize that, as elevation increases, 

abiotic resistance will increase until it eventually becomes too cold to allow 

invader establishment. Disturbance is expected to promote establishment at 

lower elevations (i.e. due to competition release), but to have a negative 

effect (i.e. due to facilitation suppression) higher up in the mountains. 

Nutrient addition and increased propagule pressure could play a synergistic 

role to overcome limitations in the most stressful circumstances. 
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3.2. Material and methods 

 

Study regions and site characteristics 

We performed a two-year multifactorial split plot experiment in two high-

latitude mountain regions (Fig. 3.1): the subarctic part of the northern 

Scandes around Abisko, Sweden (N 68° 21’ E 18° 49’) and the subantarctic 

Andes around Punta Arenas, Chile (S 53° 09’ W 70° 53’). Abisko has a 

subarctic climate, with a mean annual air temperature and precipitation of -

0.6°C and 310 mm, respectively (Abisko Scientific Research Station, 400 m 

a.s.l., eu-interact.org). Punta Arenas is characterized by a subantarctic cold 

temperate climate, with a mean annual air temperature of 5.9°C and 375 mm 

mean annual precipitation at sea level (Santana et al. 2009, Butorovic 2015). 

In each study region, three elevation gradients and three study sites per 

elevation gradient were selected (Fig. 3.1, Supplementary material Table 

S3.10), spanning a range of approximately 500 m from the lowlands (situated 

at 400 m a.s.l. in the subarctic Scandes and 6 m a.s.l. in the subantarctic 

Andes) and covering a range from lowland forests up to the alpine zone. Such 

an elevation range approximates an average temperature increase of 3°C, 

based on an adiabatic lapse rate of 0.6°C per 100 m (Körner 2003), a range 

shown in local and global analyses to have a 50 up till 80% drop in non-native 

species diversity, especially when extending above the tree line (Alexander et 

al. 2011, Lembrechts et al. 2014). At each elevation level, representative sites 

with similar characteristics were chosen: productive understory vegetation at 

the lowest elevation, productive tree line meadows at intermediate elevation 

and poor alpine meadows at the highest elevation in the Scandes, and 

productive open grasslands, productive meadows in forest clearings and poor 

alpine meadows, respectively, in the Andes. We focused on grass and forb 

vegetation, as in the subarctic Scandes this vegetation type is known to be 

highly invasive relative to other high-latitude habitats (Milbau et al. 2013). 
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Figure 3.1. Experimental design. The two study regions (Punta Arenas in the 
subantarctic Andes, Chile, and Abisko in the subarctic Scandes, Sweden) are 
marked with a red dot on the map (A). In each region, we selected three 
elevation gradients across three different mountains (B) and chose three sites 
per elevational gradient (C). At each site, we installed six plots (D) with the 
right half of each plot disturbed (waved lines, E) and the bottom half with 
added nutrients (gray, E), resulting in four subplots (U-NF – undisturbed, not-
fertilized, U-F – undisturbed, fertilized, D-NF – disturbed, not-fertilized, D-F – 
disturbed, fertilized). Within each subplot, six species were sown randomly at 
low (5 seeds, white small squares, F) and high (30 seeds, gray small squares, 
F) propagule pressure, resulting in four times twelve microplots per plot (F). 
Species used in the Scandes; Am = Achillea millefolium L.; Ac = Agrostis 
capillaris L.; Ao = Anthoxanthum odoratum L.; Ml = Medicago lupulina L.; To = 
Taraxacum officinale F.H.Wigg.; and Tr = Trifolium repens L. and in the Andes; 
Bp = Bellis perennis L.; Lp = Lolium perenne L.; Pp = Poa pratensis L.; To = T. 
officinale; Tp = Trifolium pratense L.; and Tr = T. repens. The picture in G gives 
an overview of a plot in the Scandes, H shows a detail of a microplot in a 
disturbed and fertilized subplot. 
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Experimental set-up 

We installed six 160 x 120 cm plots at random locations in each of the three 

sites on every gradient (Fig. 3.1). Half of each plot (160 x 60 cm) was 

experimentally disturbed by completely removing the vegetation (plant 

canopies and roots) and top 3-cm soil layer, to disrupt biotic interactions with 

neighbor plants as happens in anthropogenic or natural disturbances like 

construction works, road- and trailsides, avalanches, trampling, or digging by 

animals. The downhill half of the plot (80 x 120 cm) was fertilized with 50 g 

Substral Osmocote slow release fertilizer NPKMg (19-9-11-2, equaling 35 kg N 

ha-1 y-1), evenly spread on the soil surface to release plants from nutrient 

limitation in generally nutrient-limited arctic and alpine ecosystems. Added 

nitrogen levels are representative of the range of variation that can be 

expected through deposition of nitrogen and faster nutrient release through 

an increased N-decomposition under a warming climate (Flechard et al. 2011, 

Portillo-Estrada et al. 2016), while the general increase in a variety of key 

nutrients simulates the higher nutrient availability through increased 

mineralisation in roadsides (Müllerová et al. 2011). Each plot was thus 

divided in four subplots (Fig. 3.1). Within every subplot, six species of non-

native forbs and grasses were sown in microplots (3 cm diameter), either at a 

low (five seeds) or high (30 seeds) propagule pressure (the latter to release 

any seed limitation), resulting in twelve evenly distributed microplots per 

subplot, each of them 20 cm apart. Each combination of species and 

propagule pressure was randomly assigned to one of the twelve microplots. 

In both regions, we chose two species from each of three distinct taxa 

characterized by a large number of globally invasive species (Daehler 1998), 

i.e., from Asteraceae, Fabaceae and Poaceae. For species see caption to Fig. 

3.1. These species covered a broad range of types of invasive plant species, 

allowing us to be more general in our conclusions. All chosen species (except 

Bellis perennis) belonged to the 50 most widely spread global mountain 

invaders (Seipel et al. 2012) and were present as non-native species in the 

study regions (Weidema 2000, Fuentes et al. 2013, Lembrechts et al. 2014). 

Seeds were available from local merchants (except for Taraxacum officinale 

in the Andes, for which seeds where collected manually in the field). All 

species showed germination rates above 60% in a two-week germination test 

on moist filter paper in petri dishes in a greenhouse, except for Agrostis 

capillaris in Sweden, B. perennis and T. officinale in the Andes, showing 

germination rates of 54, 44 and 20%, respectively. Species was analyzed as a 
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random factor in all models to search for patterns larger than the species-

specific differences, as the sample size would be too small to test patterns 

between species or species groups. 

The experiment was installed in spring: early July 2013 in the Scandes and 

November 2014 in the Andes. At the end of the second growing season 

(beginning of September 2014 in the Scandes, beginning of April 2015 in the 

Andes) we recorded invader success and probability of flower production as 

presence/absence per microplot. Aboveground biomass of the sown species 

was harvested per microplot, dried and weighed, and belowground biomass 

was removed. Plot productivity, the regrowth of the surrounding vegetation 

in the disturbed subplots, was estimated by harvesting the aboveground 

biomass separately in both disturbed subplots within a randomly located 400 

cm² square, drying this biomass, weighing it and extrapolating it to 

productivity on 1-m² scale. 

Soil temperature 

Soil temperature was logged every two hours (iButtons: DS1921G with 0.5°C 

accuracy in the Andes; DS1922L with 0.0625°C accuracy in the Scandes – 

Maxim Integrated, San José, CA, USA). Thermometers were placed 3 cm deep 

in two randomly chosen plots per site, on the central axis of the plot, one in 

the disturbed and one in the undisturbed plot half. The resulting temperature 

time series were used to calculate growing degree days (GDD, being the sum 

of all positive daily averages within the growing season) for the second 

growing season for every plot half. Temperatures of the second growing 

season were used, as we then had temperature loggers in both disturbed and 

undisturbed plots, allowing more detailed analysis. For plots without loggers, 

we calculated the average GDD per plot half and per site from the available 

data within that site. 

Statistical analysis 

Each invader success measure (invader survival, biomass production and 

probability of flower production; all per microplot) was modeled separately 

against elevation, GDD and plot productivity, with the beyond-optimal 

models for all of them containing a quadratic and linear term of the 

continuous variable, and additionally: disturbance (yes/no), nutrient addition 

(yes/no), propagule pressure (high/low), region (Scandes/Andes) and all two-

way interactions as fixed effects. 
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Invader survival was modeled with generalized linear mixed models (GLMM) 

with a binomial family and a logit-link (function glmer in R, package lme4 

(Bates et al. 2013)). Probability of flower production was also modeled with 

GLMMs with a binomial family and a logit-link, yet only values for those 

microplots (n = 1230 out of 5184) with successful survival after the second 

growing season were incorporated in the model. Non-native species biomass 

was analyzed with linear mixed models (LMM, function lme, from the 

package lme4 (Bates et al. 2013)), similarly after removing those microplots 

without successful survival, and after log-transforming the data to achieve 

normal distribution. A different variance structure (nutrients*disturbed) was 

included by means of the varIdent function (package nlme (Pinheiro et al. 

2013)) to take into account differences in variance between the different 

subplots (Zuur et al. 2009). 

In each model we corrected for random effects, with species nested within 

plot, within site and within gradient as a random intercept. Elevation, GDD 

and plot productivity were all scaled to a normal distribution with mean 0 and 

standard deviation 1 (function scale, Schielzeth 2010). The models against 

plot productivity were limited to the disturbed plot halves, as plot 

productivity was only measured in these subplots. The optimal model was 

always selected based on the lowest AIC-value and the significance levels of 

the fixed effects, by step–by-step removal of the fixed effect with the highest 

p-value starting from the beyond-optimal model (see Supplementary material 

Tables S3.2, 3.4 and 3.6), until the lowest AIC was reached (Zuur et al. 2009) 

(see Supplementary material Tables S3.1, 3.3 and 3.5). 

Additionally, we modeled GDD against elevation, disturbance and their two-

way interactions with an LMM. Normal distribution of the data was achieved 

by adjusting the variance structure to the region (function varIdent). The 

same model was used for plot productivity against elevation, but disturbance 

was replaced by nutrient addition and plot productivity was log-transformed 

to obtain a normal distribution. 

The function r.squaredGLMM from the MuMIn-package (Barton 2016) was 

used to calculate the marginal (fixed effects) and conditional (full model) R² 

for all optimal and beyond-optimal models. We then followed a variation 

partitioning procedure to determine the relative proportion of variation for 

each response variable in the models with elevation, GDD and plot 

productivity. To perform our variation partitioning, we constructed a series of 
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models with either: (i) only one focal variable; (ii) all variables except that 

focal variable; or (iii) the full model with all explanatory variables. The 

proportion of variation explained by each fixed factor was represented by 

calculating the difference between the marginal R² of the full model and of 

the model without the focal variable and dividing it by the marginal R² of the 

full model (Legendre and Legendre 1998). For all factors in all models, the 

variation explained by the model without the focal variable (R² of full model 

minus R² of model with only the focal variable, divided by full model) and the 

shared variance (R² of model of focal variable plus R² of model without focal 

variable minus R² of full model, divided by R² of full model) were calculated as 

well (see Supplementary material Tables S3.7-9). This variance partitioning 

could not be performed for the models of probability of flower production, as 

this probability was zero in the undisturbed subplots in the Scandes. 

All data analyses were performed in R version 3.0.1 (R Core Team 2013). 

 

3.3. Results 

 

We found that disturbance was the primary determinant (from 40 to 56% of 

variance explained) of plant invasion in cold environments in both the Andes 

and Scandes, irrespective of the chosen gradient (elevation or temperature, 

expressed as growing degree days (GDD)) and irrespective of the invasion 

stage (establishment, biomass or flowering after two years) (Table 3.1 and 

Fig. 3.2). This effect was especially pronounced towards the warmest end of 

the gradient (Figs. 3.2 and 3.3) where disturbance and temperature acted in 

synergy on biomass production (Fig. 3.3B, E). Surprisingly, even at the coldest 

end of the gradient and at the highest elevations the effect of disturbance on 

invader success was however still positive (Figs. 3.2 and 3.3 and 

Supplementary material Tables S3.1-4). Its effect was stronger on later stages 

of invasion (biomass and flowering) than on establishment. 

Within disturbed and fertilized plots, higher temperatures were the most 

important determinant increasing the total biomass produced by non-native 

plants and their probability of flower production (Fig. 3.3B-C, E-F and 

Supplementary material Tables S3.3-4). The probability of non-native plant 

establishment in the Scandes also increased with temperature (Fig. 3.3D). For 

establishment in the Andes, a hump-shaped relationship with temperature 
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was observed (Fig. 3.3A). Despite the overall positive correlation of survival, 

biomass production and probability of flower production with temperature, 

most measures of success were related quadratically with elevation, i.e. they 

peaked midway the elevation gradient (Fig. 3.2 and Supplementary material 

Tables S3.1-2). The influence of native productivity on non-native biomass, on 

the other hand, was negative (Fig. 3.4 and Supplementary material Tables 

S3.5-6). Patterns thus differed among gradients of elevation, temperature 

and non-native productivity, despite the negative correlation of the latter two 

with elevation (Supplementary material Fig. S3.1). 

Propagule pressure predominantly influenced establishment (Table 3.1); 

whereas nutrient addition only determined biomass and flower production. 

In the Scandes, added nutrients were essential to flowering (Table 3 and Fig. 

3.3F). The effects of propagule pressure on establishment and of nutrient 

addition on biomass production interacted synergistically with disturbance 

(Supplementary material Tables S3.2,3.4). 

Although there were some regional differences, with lower invader 

establishment yet higher biomass and flowering, and more pronounced 

relationships with temperature and elevation in the Andes, overall patterns 

were consistent across both regions (Figs. 3.2 and 3.3). 
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Figure 3.2. Graphical representation of the best models (see Supplementary material Table S3.1) for the different invader success 

measurements over all ten species against elevation. Models for invader establishment (A,D), biomass (B,E) and probability of flower 

production (C,F) in the Andes (top) and the Scandes (bottom). Different lines represent different treatments (see inset Fig. 3.2A): 

disturbed (D, red) versus undisturbed (U, black), fertilized (F, full line) versus not fertilized (NF, dashed line) and high propagule 

pressure (high, thick line) versus low propagule pressure (low, thin line). Black dots on graphs A and D indicate elevation of study 

plots. When treatment levels were not significantly different, only the line type for the high treatment level is shown. Establishment 

and biomass production were expressed per microplot. 
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Figure 3.3. Graphical representation of the best models (see Supplementary material Table S3.3) for the different invader success 

measurements over all ten species against growing degree days. Models for invader establishment (A,D), biomass (B,E) and 

probability of flower production (C,F) in the Andes (top) and the Scandes (bottom). Different lines represent different treatments (see 

inset Fig. 3.3A): disturbed (D, red) versus undisturbed (U, black), fertilized (F, full line) versus not fertilized (NF, dashed line) and high 

propagule pressure (high, thick line) versus low propagule pressure (low, thin line). When treatment levels were not significantly 

different, only the line type for the high treatment level is shown. 
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Table 3.1. Total percentage of variance explained by each factor in the best 

models for survival and biomass production. Models with either elevation (m 

a.s.l., top) and GDD (°C days, bottom, shaded grey) as continuous variables. 

Values based on a variance partitioning procedure. For detailed calculations, 

see Methodology and Supplementary material Tables S3.7 and S3.8. 

 Survival  
(% explained) 

Biomass  
(% explained) 

Elevation 8.48 20.61 
Disturbance 43.31 56.35 
Nutrients 1.32 15.12 
Propagules 5.77 6.98 
Region 38.03 1.81 

GDD 20.20 8.34 
Disturbance 39.81 52.36 
Nutrients 0.15 15.01 
Propagules 7.35 6.87 
Region 21.87 2.29 

 

 

 

Figure 3.4. Graphical representation of the best model (see Supplementary 

material Table S3.5) for invader biomass production (g) against plot 

productivity (g * m-2) throughout the experiment. Predictions for the disturbed 

plots in the Andes (A) and the Scandes (B). Different lines represent different 

treatments: fertilized (F, full line) versus not fertilized (NF, dashed line) and 

high propagule pressure (high, thick line) versus low propagule pressure (low, 

thin line). 

Plot productivity (g * m
-2

) Plot productivity (g * m
-2

) 
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3.4. Discussion 

 

Despite the fact that a switch would be expected from competitive release at 

low elevations to facilitation suppression at high elevations, disturbance was 

found as the main positive determinant of invader success along the entire 

elevation gradient, and its importance increased even more towards later 

stages of development. This finding proves that the overriding positive effect 

of disturbance holds true from lowland forests up to the alpine zone, in two 

different cold-climate regions and for different measures of invader success. 

Part of the positive effect of disturbance can be attributed to warmer soils 

during the growing season (Supplementary material Fig. S3.1, Ford et al. 

2013), yet the main underlying mechanism is likely to be found in the 

combined reduction of competition and increase in resource release 

(Compagnoni and Adler 2014), given the high resistance against invasion 

observed in the undisturbed vegetation (Ansari and Daehler 2010, Pollnac et 

al. 2012, Milbau et al. 2013). Unexpectedly, invader success at the coldest 

extreme of the gradient was never higher in plots with neighbors than in 

those without them, indicating that disturbance and not facilitation matters 

for plant invasion in cold environments. This prevalence of disturbance 

regardless of elevation could be caused by reduced competition for space, 

light and nutrients with the dense yet slow-growing vegetation at high 

elevations (Hobbs and Huenneke 1992, Kaarlejarvi and Olofsson 2014). The 

primary influence of disturbance and thus neighbor removal in our study 

system is consistent with the often observed positive correlation between 

anthropogenic disturbances like roadsides and non-native species richness in 

cold environments (Arévalo et al. 2005, Alexander et al. 2011), suggesting the 

roadside environment as a competitor-free and disturbed environment to be 

beneficial for non-native species success, and that roads are more than just 

corridors (Lembrechts et al. 2017a). 

Unlike our original hypothesis, invader success did not generally correlate 

negatively with elevation. Instead, we found a consistent hump-shaped 

relationship for both regions, and for establishment as well as flowering (Fig. 

3.2). This indicates that different processes limit invaders at both ends of the 

studied elevation gradients. At high elevations, climate is the most likely 

barrier (Marini et al. 2013), supported here by the dwindling invader success 

with decreasing temperature in both regions, even though disturbance 

partially alleviated this constraint (Fig. 3.3). At low elevations in our study 
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systems, temperature is unlikely to be limiting (Körner 2003). A more 

probable explanation of the curtailed invader success there is competition 

(Pauchard et al. 2009), given the negative correlation between native 

productivity and invader biomass (Fig. 3.4), especially in the (more 

productive) fertilized subplots. Native productivity itself was greatest in the 

lowlands and amplified by nutrient addition (Supplementary material Fig. 

S3.1). At mid elevations, competition with the re-growing vegetation in the 

disturbed plots was most likely sufficiently low to allow successful invasion, 

while the microclimate was not as extreme as at high elevations and thus not 

preventing alien plant establishment. The hump-shaped response of 

establishment and flowering success with elevation deviates from the widely 

reported negative response of invader species richness to elevation 

(Pauchard and Alaback 2004, Alexander et al. 2011, Seipel et al. 2012, 

Lembrechts et al. 2014). In observational studies, a high propagule pressure 

at low elevations is indeed usually associated with dispersal routes and 

human movement along roads and trails (Alexander et al. 2011), where 

competitive pressure is likely to be alleviated, and therefore extreme 

differences in propagule pressure tend to override competition at the 

community level. This contrasts with the high levels of competition in the 

lowlands and the constant propagule pressure along the gradient in our 

experiment.  

As expected, nutrient addition contributed significantly to the production of 

biomass and flowers of the non-native species in both regions in our study 

(Körner 2003, Leishman and Thomson 2005, He et al. 2011, Concilio et al. 

2013, Zefferman et al. 2015). The positive effects of small-scale fertilization 

on the later stages of development were however only visible in combination 

with disturbance and higher temperatures: nutrient addition and disturbance 

or temperature acted synergistically to generate the highest invader success 

(Fig. 3.3B-C,E-F and Supplementary material Table S3.3). These results 

emphasize the importance of anthropogenic disturbances like roadsides as 

sources of invasion into cold environments, not only because of reductions in 

competition through neighbor removal, but also because these disturbances 

locally enhance nutrient availability (Müllerová et al. 2011). 

Propagule pressure played a less important role as a determinant of invasion 

than expected based on previous experiments and the observed correlation 

of invasion with vectors and propagule sources in mountains (Dullinger et al. 

2003, Pauchard and Alaback 2004, Lockwood et al. 2005, Von Holle and 



PART III. Chapter 3 
 

99 
 

Simberloff 2005, Quiroz et al. 2011, Lembrechts et al. 2014, Kalwij et al. 

2015). It did promote establishment and biomass production, yet never 

explained more than 10% of the total variance in the models (Table 1). In 

optimal combinations of the other determinants, even a low propagule 

pressure sufficed to start invasion, while in all other combinations even a high 

propagule pressure failed. This supports the idea that disturbance is the main 

driver of plant invasion as soon as any propagules are present. 

Despite the large ecological and biogeographical differences between the 

Andes and the Scandes, we found most patterns to be consistent in both 

study regions. This convergence across subpolar regions is striking and may 

indicate the generality of our results. The Andes has only recently 

encountered Eurasian species (since Europeans settled in the late 19th 

century) and has a relatively low number of plant species due to strong 

glaciation and reduced landmass (Kilian and Lamy 2012). The Scandes has a 

more continental climate with harsher conditions for plant growth across the 

entire gradient and a strong dominance of the Eurasian flora due to its 

connections to the rest of the continent. The more productive ecosystem in 

the Andes, likely influenced by the maritime climate, has a higher average 

growing-season temperature (Supplementary material Fig. S3.1). This warmer 

climate did reduce invader survival and thus invasibility more than in the 

Scandes, presumably through more intense competition. Invader survival also 

declined at the highest growing season temperatures in the Andes (Fig. 3.3A), 

which might result from the extreme values of plot productivity (and thus 

competition) in the warmer plots there. This is explained by the domination 

of European grasses and herbs in the heavily grazed lowland areas of the 

subantarctic Andes, which are extremely strong competitors (Domínguez et 

al. 2006, Sottile et al. 2015). A theoretical native community would probably 

also profit from the mild climate and high productivity there; yet we 

speculate that the competitive effect would have been smaller and the 

observed decline in invader success at high temperatures (Fig. 3.3A) less 

pronounced. Nevertheless, although the high-latitude Scandes and Andes are 

very different, our experiments show solid similarities, which may hold true 

for other cold ecosystems. 

Based on our results, we argue that invasion by non-native plant species with 

a lowland origin (currently the majority of mountain invaders, Haider et al. 

2010, McDougall et al. 2011a) has not yet reached its upper limit in cold-

climate mountain ecosystems (Alexander et al. 2011). Indeed, the peak of 
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invasion success in our experiment occurred at the current elevational limits 

of the selected non-native species in an observational study in the northern 

Scandes (Lembrechts et al. 2014). This finding implies that invasion is likely to 

increase at a faster rate at the current range edge of the studied species as 

soon as propagules are introduced - which is most likely just a matter of time 

(Pauchard et al. 2009, Haider et al. 2010, Pyšek et al. 2011). Invasion would 

however eventually slow down again at high elevations, as these areas are 

currently protected through their cold climate. Additionally, we have shown 

that invader establishment correlates with disturbance from plant removal, 

independent of elevation or temperature, and that high nutrient levels or 

higher temperatures promote biomass production and flowering. The 

interplay between these three determinants thus regulates successful invader 

establishment. Unfortunately, those conditions are on the rise in cold 

climates (Walther et al. 2002, Pauchard et al. 2009). However, as disturbance 

from plant removal is revealed as a predisposing factor for cold-climate 

invasions, neither temperature increase, nutrient addition nor increased 

propagule pressure are likely to trigger plant invasion in the absence of such 

disturbance. These invasions may thus remain limited to disturbed sites, even 

if propagules arrive.  

The results of our cross-continental experiment have important implications 

for cold-climate ecosystem management across the globe. As air 

temperatures and human interventions will likely increase further in the near 

future, plant invasion will become a greater threat (Pauchard et al. 2009), and 

non-native species will probably exploit anthropogenic disturbances to 

expand their ranges to higher elevations and colder environments than they 

currently occupy. It will thus be important to keep disturbance in these 

systems to a minimum and to protect remote areas against uncontrolled 

expansion of anthropogenic activities. Although it may not seem feasible to 

prevent invasion along anthropogenic disturbances such as mountain trails, 

roads and railroads, our data suggests that invasions could be contained 

within such disturbed environments. Caution should however be taken where 

disturbances penetrate the natural vegetation either naturally (e.g., 

landslides, animal trampling) or anthropogenically (e.g., hikers wandering off 

trail, ski slopes). Handling mountain invasions thus requires a comprehensive 

preventive scheme for biological invasions in cold environments, integrating 

the multiple drivers of global change – not just climate warming. 
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Chapter 4. Microclimate variability in alpine ecosystems as 

stepping stones for non‐native plant establishment above their 

current elevational limit 

 

This chapter is based on: 

Lembrechts JJ, Lenoir J, Nuñez MA, Pauchard A, Geron C, Bussé G, Milbau A, Nijs I (2017). 

Microclimate variability in alpine ecosystems as stepping stones for non‐native plant 

establishment above their current elevational limit. Ecography. DOI 10.1111/ecog.03263. 

 

 

 

 

 

 

Alpine environments are currently relatively free from non-native plant species, 
although their presence and abundance have recently been on the rise. It is however 
still unclear whether the observed low invasion levels in these areas are due to an 
inherent resistance of the alpine zone to invasions or whether an exponential increase 
in invasion is just a matter of time. Using a seed-addition experiment on north- and 
south-facing slopes (cf. microclimatic gradient) on two mountains in subarctic 
Sweden, we tested the establishment of six non-native species at an elevation above 
their current distribution limits and under experimentally enhanced anthropogenic 
pressures (disturbance, added nutrients and increased propagule pressure). We found 
a large microclimatic variability in cumulative growing degree days (GDD) (range = 
500.8°C, SD = 120.7°C) due to both physiographic (e.g. aspect) and biophysical (e.g. 
vegetation cover) features, the latter being altered by the experimental disturbance. 
Non-native species establishment and biomass production were positively correlated 
with GDD along the studied microclimatic gradient. However, even though 
establishment on the north-facing slopes caught up with that on the south-facing 
slopes throughout the growing season, biomass production was limited on the north-
facing slopes due to a shorter growing season. On top of this microclimatic effect, all 
experimentally imposed anthropogenic factors enhanced non-native species success. 
The observed microclimatic effect indicates a potential for non-native species to use 
warm microsites as stepping stones for their establishment towards the cold end of 
the gradient. Combined with anthropogenic pressures this result suggests an 
increasing risk for plant invasion in cold ecosystems, as such stepping stones in alpine 
ecosystems are likely to be more common in a future that will combine a warming 
climate with persistent anthropogenic pressures. 
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4.1. Introduction 

 

Plant invasions in mountains have been increasing significantly in the last 

decades, and are expected to expand higher up in elevation towards alpine 

and nival ecosystems under predicted scenarios of global change (Pauchard 

et al. 2009, McDougall et al. 2011b, Pyšek et al. 2011, Angelo and Daehler 

2013, Pauchard et al. 2016). These ecosystems – especially those in cold high-

latitude regions – are however currently still relatively free from non-native 

plant species (Pauchard et al. 2009, Lembrechts et al. 2014, Zefferman et al. 

2015), although a recent global review reported a total of 183 distinct non-

native species from the alpine areas of 15 mountain regions (Alexander et al. 

2016). 

Studies of plant invasions in mountains are mostly observational and tend to 

focus on patterns of non-native species richness and the dynamics of spread 

along elevation gradients, but these studies often overlook the alpine and 

nival extremes of the gradient (Seipel et al. 2012, Lembrechts et al. 2017a). 

Much less is therefore known about the potential of non-native plants to 

establish there (Alexander et al. 2016): does the prevailing harsh climate in 

alpine environments represent an inherent resistance to invasion as often 

assumed, or has anthropogenic pressure not yet reached these areas and is 

invasion just a matter of time (Pauchard et al. 2009)? To shed light on this 

question, it is fundamental to gather experimental proof on the effects of 

both anthropogenic influences and the alpine climate (Lembrechts et al. 

2016), including the inherent topo- and microclimatic variability, on the 

performance of non-native species introduced above their current range 

limits. 

Alpine landscapes are characterized by a complex topography, which can 

cause annual temperatures to vary more than 2°C within a particular 

elevation band (Ackerly et al. 2010, Scherrer and Körner 2011, Graae et al. 

2012). This variability can even reach up to 6°C within a given 1 km² spatial 

unit in mountains of northern Europe (Lenoir et al. 2013). Physiographic 

processes due to topography and geomorphology also affect the snow 

distribution and therefore the length of the growing season (Körner 2003). In 

addition, biophysical processes due to vegetation cover may further decouple 

upper atmospheric conditions from boundary layer effects (Geiger 1950) and 

thus provide peculiar microclimatic conditions that may facilitate the 
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establishment of plant invaders. At high latitudes, where solar angles are low, 

micro-habitats regularly have seasonal mean soil temperatures that are 7°C 

warmer than free-air or synoptic temperature (Scherrer and Körner 2010, 

Lenoir et al. 2013). Thus even when average synoptic temperatures in the 

alpine zone are outside the climatic niche of non-native species, microclimatic 

variability might still provide favorable conditions on a local scale. Hitherto, 

the role of microclimate for non-native species establishment in alpine areas 

has not yet been examined. The inclusion of microclimatic variability in the 

assessment of species distributions has however proven critical to solve the 

mismatch between the resolution of climatic data and the scale at which 

species experience this climate (Potter et al. 2013, Lenoir et al. 2017). 

Several recent studies in mountain regions have determined disturbance as 

the key anthropogenic driver of the occurrence and success of non-native 

species (Marini et al. 2009, Alexander et al. 2011, Lembrechts et al. 2016). 

Both large-scale (e.g. roads) and small-scale (e.g. gaps of a few cm) 

disturbances have indeed been demonstrated to increase invader 

establishment in mountains (Seipel et al. 2012, Milbau et al. 2013). However, 

under extreme environmental conditions such as at high elevations and 

latitudes, disturbance might disrupt the microclimatic buffering provided by 

facilitative interactions between plants, thereby potentially hindering invader 

establishment (Callaway et al. 2002, Cavieres et al. 2007, Cavieres et al. 

2008). Experimental studies along elevation gradients from the subalpine to 

the alpine zone in high-latitudinal mountains recently challenged the 

generality of this theory on facilitation (Milbau et al. 2013, Lembrechts et al. 

2016). They revealed how the net effect of neighbors on invader recruitment 

can be consistently negative (Milbau et al. 2013), and that disturbance is the 

main determinant of plant invader establishment along an entire elevation 

gradient, including the alpine zone (Lembrechts et al. 2016). 

Nutrient addition, often seen in combination with anthropogenic 

disturbances like construction works, roads or agriculture, can be an 

additional important driver of plant invader establishment in the alpine zone, 

where soils are often low in nitrogen content (Körner 2003, Lembrechts et al. 

2016). Similarly, poor soil conditions, together with low propagule pressure, 

served as the main limitation for invasion of Taraxacum officinale in dry 

mountains (Quiroz et al. 2011). Despite the accumulating evidence on the 

importance of these factors for plant invasion in mountains, few experiments 

were performed above the current range limits of the invaders, where their 
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relative importance might differ from milder areas, especially in interaction 

with microclimatic variability.  

Here, we performed a seed-addition experiment on north- and south-facing 

(cf. microclimatic variability) slopes in the alpine zone at approximately 400 

meters above the tree line on two subarctic Scandinavian mountains 

(Northern Scandes). With this experiment, we aim to assess the 

physiographic and biophysical drivers of microclimate variability within an 

elevational band, as well as the impact of microclimate variability itself and 

that of human influences (disturbance, nutrient addition and increased 

propagule pressure) on the performance of non-native species introduced 

above their current range limits. We used 6 non-native plant species that are 

globally common in mountains and have their current distribution limits at 

lower elevations in the study region (Lembrechts et al. 2014). We hypothesize 

that microclimatic variability within this elevational band will cause significant 

variation in non-native species establishment and biomass production. 

Nutrient addition and increased propagule pressure are expected to have 

positive effects on establishment success of the non-native species, while 

disturbance is predicted to induce lower invader success through the 

disruption of suitable microclimatic conditions due to facilitative effects from 

the neighboring plants. 

 

4.2. Material and methods 

 

Study regions and site characteristics 

We performed a two-year multifactorial split plot experiment (Fig. 4.1) in the 

alpine zone on two mountains (Loktačohkka, N 68.40079°, E 18.42214°, 

‘Mountain 1’ and Slåttatjåkka, N 68.35791, E 18.64246, ‘Mountain 2’) in the 

northern Scandes around Abisko, Sweden, a region with a subarctic climate 

with a mean annual air temperature and precipitation of respectively -0.5°C 

and 310 mm (Abisko Scientific Research Station, 400 m a.s.l., from 1913 till 

2011, www.polar.se/abisko). On each mountain, two study sites were chosen 

at around 1000 m a.s.l. (approximately 400 m above the tree line), with an 

aspect of respectively 180° ± 15° (south-facing slope) and 0° ± 20° (north-

facing slope). On mountain 1, plots were situated approximately 400 m below 

the top in a steep valley, while on mountain 2, plots where situated only 100 
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m below the top on a gentle slope. These differences presumably resulted in 

variable microclimatic conditions. Sites were chosen in (poor) alpine 

meadows, as meadows in this area are known to have a high invasibility 

relative to other high-latitude habitat types (Milbau et al. 2013). 

Experimental set-up 

In early July 2014, we installed six randomly located 120 x 160 cm plots at 

each of the two sites on each of the two mountains (Fig. 4.1), with the 

longest side oriented parallel to the slope. Half of each plot (60 x 160 cm) was 

experimentally disturbed by removing the vegetation (above and below-

ground biomass) as well as the top 3-cm soil layer, to disrupt biotic 

interactions with neighboring plants, as happens in anthropogenic or natural 

disturbances like construction works, road- and trail sides, avalanches and 

trampling or digging by animals. The lowest half of the plot (80 x 120 cm) was 

fertilized with 50 g Substral Osmocote slow release fertilizer (N-P-K-Mg 19-9-

11-2, equaling 45 kg N*ha-1*y-1), evenly spread on the soil surface to release 

plants from any nutrient limitation. This nutrient addition treatment mimics a 

likely scenario of nitrogen deposition and faster nutrient release from 

increased decomposition under a warming climate (Flechard et al. 2011, 

Portillo-Estrada et al. 2016). Each plot was thus divided in four subplots: 

control (undisturbed-not fertilized); undisturbed-fertilized; disturbed-not 

fertilized; and disturbed-fertilized. Within every subplot, six species of non-

native forbs and grasses were sown in microplots (1 cm diameter), either at a 

low (five seeds) or high (30 seeds) propagule pressure, resulting in twelve 

evenly distributed microplots per subplot, each of them 20 cm apart (total 

amount of microplots in the experiment: n = 1152). Every combination of 

species and propagule pressure was randomly assigned to one of the twelve 

microplots, with each of the microplots equaling one growth place. 

We chose two species from each of three distinct plant families characterized 

by a large number of globally invasive species (Daehler 1998), i.e. from 

Asteraceae (A), Fabaceae (F) and Poaceae (P): Achillea millefolium L. (A); 

Agrostis capillaris L. (P); Anthoxanthum odoratum L. (P); Medicago lupulina L. 

(F); Taraxacum officinale F.H.Wigg. (A); and Trifolium repens L. (F). All chosen 

species belong to the 50 most widely spread global mountain invaders (Seipel 

et al. 2012) and are present as non-native species in the northern parts of 

Scandinavia (Weidema 2000, Lembrechts et al. 2014) but yet had a current 

distribution limit at or below the tree line (approximately 600 m a.s.l., 
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Lembrechts et al. 2014). They all followed the spread of agriculture to higher 

latitudes and were recently shown to expand their ranges into the mountains 

via linear disturbances like roads and trails (Lembrechts et al. 2014). Seeds 

were bought from a seed distributor (www.cruydthoeck.nl). 

 

Figure 4.1. Experimental design. (a) Mean annual temperature (Worldclim, 

Hijmans et al. 2005) in Scandinavia, in the study region (inset, N 68°21’; E 

18°49’) and at the experimental sites (crosses on the inset). We chose two 

sites on each of two mountains (c) at 1000 m a.s.l., one site facing north and 

the other facing south (d). At each site, we installed six plots (e) with the right 

half of each plot disturbed (grey, f) and the bottom half with added nutrients 

(waved lines), resulting in four subplots (UNF – undisturbed-not fertilized, UF – 

undisturbed-fertilized, DNF – disturbed-not fertilized, DF – disturbed-

fertilized). Within each subplot, six species were sown randomly at low (5 

seeds, white small squares) and high (30 seeds, darkgrey small squares) 

propagule pressure, resulting in four times twelve microplots per plot (g). The 

picture in (b) shows an experimental plot in the alpine tundra. Used species: 

Achillea millefolium (Am), Agrostis capillaris (Ac), Anthoxanthum odoratum 

(Ao), Medicago lupulina (Ml), Taraxacum officinale (To) and Trifolium repens 

(Tr). 

http://www.cruydthoeck.nl/
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Soil temperature 

Soil temperature was logged every hour (iButtons DS1922L with 0.0625°C 

accuracy, Maxim Integrated, San José, CA, USA). The iButtons were placed at 

3 cm below the soil surface, one in both the middle of the disturbed and the 

undisturbed half of every plot (n = 48). The resulting temperature time series 

were used to calculate cumulative growing degree days (GDD with base 0, 

being the sum of all positive daily averages in°C) for a period of 365 days 

during the experiment (from August 1, 2014 till July 31, 2015). 

Invader establishment success 

Invader establishment was recorded as presence/absence per microplot at 6 

different times throughout the second growing season (early July 2015 till the 

beginning of September 2015). At the end of this second growing season 

(September 2015), aboveground biomass of the sown species was harvested 

per microplot (all individuals combined), dried and weighed. Biomass of the 

native vegetation in the different subplots was estimated at the same time by 

harvesting the aboveground plant parts within a randomly located 400 cm² 

square, drying this biomass, weighing it and rescaling the result to biomass 

per 1 m². In the undisturbed subplots, this represents standing biomass per 

m², while it is a proxy for plot productivity over two growing seasons for the 

mostly perennial species establishing in the disturbed subplots. 

All above- and belowground non-native biomass was removed at the end of 

the experiment, before non-native plants could flower or produce seeds. 

Sites were revisited the next year to check for new germinations. 

Statistical analyses 

To understand the main determinants behind microclimatic variability in our 

study system, GDD was modelled hierarchically, to cover the different scales 

at which climate varies. We therefore used a linear model (LM, function lm in 

R (R Core Team 2015)) of GDD against aspect (factor variable with two levels: 

north or south), mountain (factor variable with two levels: 1 or 2), 

disturbance (factor variable with two levels: yes or no) and their two-way 

interactions. We used the function calc.relimp from the package ‘relaimpo’ 

(Grömping 2006), with the lmg metric (R² partitioned by averaging over 

orderings among regressors), to calculate the relative contribution of each 

variable and interaction to the total variance in the dataset. Additionally, a 
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post-hoc TukeyHSD test was performed on the outcome of an analysis of 

variance (ANOVA) to test for two-by-two differences between treatments. 

Final invader establishment (presence/absence at the end of the second 

growing season, n = 1152) and biomass production of the established 

invaders (n = 287) were analyzed with a multi-model inference approach, 

comparing the AICc (corrected Akaike Information Criterion) from a series of 

models containing either GDD, biomass of the native vegetation, 

experimental anthropogenic factors (disturbance, nutrient addition and 

propagule pressure) or combinations between those. We follow the 

framework proposed by Burnham and Anderson (2003), using the function 

model.sel from the R-package ‘MuMIn’ (Barton 2016). In addition to the 

possible effects of all single factors, we hypothesized interactive effects 

between GDD or native biomass and disturbance, and between disturbance 

and nutrient addition (Lembrechts et al. 2016). When models had a ΔAICc of 

less than 2, model coefficients were averaged using the function model.avg 

(R-package 'MuMIn', Barton 2016). For invader establishment, we used a 

generalized linear mixed model (GLMM) with a binomial family and a logit 

link (function glmer, from the package ‘lme4’ (Bates et al. 2013), following 

Zuur et al. (2013)). For biomass production, we scaled the natural logarithm 

of species-specific biomass to standardize the biomass per species (mean 0 

and SD 1, function scale). The resulting normally-distributed biomass data 

was analyzed with linear mixed models (LMM) with the function lme from the 

package ‘nlme’ (Pinheiro et al. 2013). We used ln(x+0.001) to allow log-

transformation, with 0.001 g being the lowest measured biomass. 

We corrected for random effects with species nested within plot, within site 

and within mountain as a random intercept. As such, we accounted for other 

potential drivers that vary between plots, sites and mountains that are not 

captured by the microclimatic effect in GDD. Species-specific patterns in 

biomass production for each treatment, as well as species-specific model 

outcomes (following the same multi-model inference approach as explained 

above), are provided in Supplementary material Fig. S4.1. 

Invader establishment throughout the whole growing season (n = 6912) was 

analyzed with a GLMM with day of the year (DOY) as continuous variable, 

together with disturbance, nutrient addition, propagule pressure, aspect 

(north/south) and all two-way interactions. Again and for the same reasons 
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as mentioned above, we corrected for random effects with species nested 

within plot, within site and within mountain as a random intercept.  

All data analyses were performed in R version 3.2.3 (R Core Team 2015). 

 

4.3. Results 

 

We found that differences in GDD (total range = 500.8°C, SD = 120.7°C) across 

the studied area were due to a mixture of topoclimatic (aspect north vs. 

south), macroclimatic (mountain 1 vs. 2) and biophysical (disturbed vs. 

undisturbed) processes (Fig. 4.2, Table 4.1 and Supplementary material Table 

S4.1). Aspect explained the largest part (50%) of the variance in GDD, and an 

additional 27% in interaction with mountain (Table 4.1). Disturbance 

accounted for 6% of the total explained variance, half of which in interaction 

with mountain, while mountain on its own explained only 1% of the total 

explained variance. Within-site microclimatic differences unexplained by 

these three predictors (i.e. the residual variance) made up the remaining 

16.3% of the total variance. 

 

Table 4.1. Estimates for, P-values of and percentage of the total variance 

explained by all factors and significant two-way interactions for the model 

with the best fit for cumulative growing degree days (GDD). Estimates and P-

values from a linear model, percentage of explained variance obtained with 

calc.relimp(type=lmg) from the R package “relaimpo”. Explanatory variables: 

mountain (1 or 2), aspect (north or south) and disturbance (no or yes). 

Proportion of variance explained by the model: 83.69%. n = 48. 

 Estimate P % of variance 

(Intercept) 1386.6 <0.0001 - 

Mountain2 106.2 <0.0001 1.05 

AspectSouth 292.8 <0.0001 49.90 

DisturbanceYes 81.11 <0.0001 2.64 

AspectSouth:mountain2 -248.1 <0.0001 26.97 

DisturbanceYes:mountain2 84.65 0.0069 3.14 
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Figure 4.2. Boxplots of the climatic variation in the experimental plots as 

measured by cumulative growing degree days (GDD) for the different 

mountains (1, 2), aspects (N = north, S = south) and disturbance treatments (U 

= undisturbed, D = disturbed). n = 48, 6 per treatment. 
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Figure 4.3. Graphical representation of the average of the best models (ΔAICc 

< 2) for probability of invader establishment at the end of the second growing 

season against cumulative growing degree days (GDD with base 0°C) (a) and 

biomass of the native vegetation (plot productivity in disturbed plots, 

standing biomass in undisturbed plots) (b). Different lines represent different 

treatments: disturbed (red) versus undisturbed (black), fertilized (full line) 

versus unfertilized (dashed line) and high propagule pressure (thick line) 

versus low propagule pressure (thin line). Dots show observed levels of the 

respective explanatory variables in the undisturbed (black) and disturbed (red) 

plot halfs, lines are drawn only over the observed range of the explanatory 

variables for disturbed and undisturbed plots, respectively. Support for the 

model against GDD was lower than that for the model against biomass of the 

native vegetation (ΔAICc = -14.25). n = 1152. 
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Models of final invader establishment against biomass of the native 

vegetation showed a better fit (lower AICc) than those against GDD (Table 

4.2, Supplementary material Table S2). In the undisturbed plot halves, 

establishment probability of the non-natives decreased with increasing 

standing biomass of the native vegetation (Fig. 4.3b, Table 4.2), yet in the 

disturbed plots the relation with plot productivity was exponentially positive. 

Invader establishment was positively related to GDD in undisturbed plots, yet 

constant and higher along the whole gradient in disturbed plots (Fig. 4.3a). 

Next to the mostly positive effects of disturbance on invader establishment, 

nutrient addition had only minor effects, yet a higher propagule pressure 

increased establishment in all treatments. The patterns in invader 

establishment however changed surprisingly throughout the second growing 

season (Fig. 4.4). At the beginning of spring (DOY 180), non-natives were 

present in significantly more microplots in the disturbed plot halves on the 

south-facing than on the north-facing slopes. During the second growing 

season, however, levels of establishment increased more rapidly on the 

north-facing slopes, resulting in the same establishment in disturbed plots on 

both mountain slopes at the moment of the harvest (DOY 240). 

Models of invader biomass production against GDD had a lower AICc than 

those including biomass of the native vegetation (Table 4.2, Supplementary 

material Table S4.2). Invader biomass production was positively correlated 

with a warm microclimate (high levels of GDD) in all treatments (Fig. 4.5a, 

Table 4.2). Additionally, invader biomass was largest in disturbed and 

fertilized plots for invaders sown at a high propagule pressure 

(Supplementary material Fig. S4.1). In the undisturbed plot halves, biomass 

production of the non-natives decreased with increasing standing biomass of 

the native vegetation (Fig. 4.5b), yet in the disturbed plots the relation with 

plot productivity was exponentially positive. Added nutrients and higher 

propagule pressure nevertheless had a positive effect on invader biomass 

production both in the disturbed and undisturbed plots.  
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Table 4.2. Estimates for all experimental factors and interactions for all models for invader establishment (Esta, top, n = 1152) and 

invader biomass (Biom, bottom, n = 287) along the gradient of cumulative growing degree days (GDD, see Fig. 4.3a and 4.5a) and 

biomass of the native vegetation (plot productivity or standing biomass, NatBiom, see Fig. 4.3b and 4.5b). Coefficients defined by 

averaging all models with ΔAICc < 2 with the best model containing either GDD or biomass of the native vegetation. Shown AICc is 

that of the best model. D = disturbance, N = nutrients, P = propagule pressure. AICc of the null models for invader establishment and 

biomass production were 1212.1 and 814.0 respectively. For the full set of models, see Supplementary material Table S4.2. 

Model (Int) D N P D:N GDD GDD:D Biom Biom:D AICc 

Esta~GDD -2.165 0.736 -0.019 0.777 - 0.302 -0.249 - - 1165.9 

Esta~NatBiom -1.819 1.573 -0.010 0.792 - - - -0.580 2.101 1151.7 

Biom~GDD -0.671 0.456 0.292 0.271 0.253 0.244 -0.092 - - 761.8 

Biom~NatBiom -0.604 0.409 0.278 0.300 0.241 - - -0.106 0.126 767.6 
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Patterns were largely consistent between all study species, with largest 

biomass production observed in disturbed plots with added nutrients on 

south-facing slopes for 8 out of 9 cases with sufficient survival 

(Supplementary material Fig. S1). We found also a high consistency across 

species in the direction of the effects of disturbance, propagule pressure and 

biomass of the native vegetation on invader establishment, and of GDD, 

disturbance, nutrient addition, increased propagule pressure and biomass of 

the native vegetation on invader biomass production (Supplementary 

material Table S4.3). 

 

 

Figure 4.4. Graphical representation of the best model for probability of 

invader establishment throughout the second growing season. The x-axis 

shows the day of the year (DOY) since January 1, 2015 (180 = June 29th 2015). 

Different lines represent different treatments: north-facing (blue) versus 

south-facing slopes (red), disturbed (full line) versus undisturbed (dotted line) 

and high propagule pressure (thick line) versus low propagule pressure (thin 

line). Effect of nutrient addition was only borderline significant and is not 

shown. Black dots indicate observation days. n = 6912. 
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Figure 4.5. Graphical representation of the average of the best models (ΔAICc 

< 2) for invader biomass production per microplot against cumulative growing 

degree days (GDD) (a) and biomass of the native vegetation (plot productivity 

or standing biomass) (b). Different lines represent different treatments: 

disturbed (red) versus undisturbed (black), fertilized (full line) versus 

unfertilized (dashed line) and high propagule pressure (thick line) versus low 

propagule pressure (thin line). Dots show observed levels of the respective 

explanatory variables in the undisturbed (black) and disturbed (red) plot halfs, 

lines drawn only over the observed range of the explanatory variable for 

disturbed and undisturbed plots, respectively. Raw data not shown for clarity. 

Pictures (bottom row) show examples of disturbed microplots with a high 

biomass of A. odoratum (left) and a low biomass of T. officinale (right). 

Support for the model against GDD was higher than that for the model 

against biomass of the native vegetation (ΔAICc = 5.87). n = 287. 
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4.4. Discussion 

 

In our study focusing on cold ecosystems, locally warmer microclimates 

significantly enhanced non-native species biomass production at an elevation 

well above their current range limits, shown by a positive correlation with 

GDD in all our experimental treatments (Fig. 4.5). That non-native species are 

promoted by higher temperatures along elevation gradients and that they 

can survive above their current range limits in mountain areas has been 

shown before (Poll et al. 2009, Trtikova et al. 2010, Haider et al. 2011). Yet 

the importance of microclimatic variability as a determinant of non-native 

species’ performance was till now unproven empirically. These results imply 

that non-native species could use the present thermal variability available 

across short spatial distances and within a given elevational band in alpine 

environments as stepping stones towards higher elevations: patches of 

suitable habitat in a less-suitable matrix that facilitate propagule migration 

and thus range expansion. 

Observed temperature differences were the result of both physiographic (e.g. 

slope and aspect) and biophysical (e.g. vegetation cover) features, with the 

latter being altered by plant removal from disturbances (Fig. 4.2). The effect 

size of both features differed between mountains, with lower differences on 

mountain 2 most likely due to a stronger exposure to wind. We thus argue 

that the integration of different spatial levels of climatic conditions is 

required to adequately model and predict the potential of non-native plant 

species to be invasive, especially in alpine environments. This will be 

especially relevant for predictions of species distributions in a warming 

climate, which are currently limited by the use of coarse climate data (Randin 

et al. 2009, Potter et al. 2013, Hannah et al. 2014, Lenoir et al. 2017). 

Our experiment additionally showed that the studied non-native species 

required a unique combination of conditions to succeed in the alpine zone, 

even in those sites with a warmer microclimate: their biomass production 

was the highest in microplots that were disturbed and fertilized and had 

received a high propagule pressure (Fig. 4.5). Anthropogenic influences could 

thus be a significant trigger and even a necessity for non-native species to 

expand their ranges towards high elevations (Alexander et al. 2009a, 

Lembrechts et al. 2016, Pauchard et al. 2016), by alleviating negative biotic 

interactions and improving microclimatic conditions in the advantage of the 
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invaders. Indeed, even though the low plot productivity at these elevations 

does not suggest strong competition, the standing biomass – mostly 

consisting of mosses and slow growing Carex species – does create strong 

competition that can limit seedling establishment (Milbau et al. 2013), 

visualised here by the negative correlation between invader performance and 

biomass of the native vegetation in the undisturbed plot halves (Fig. 4.3b and 

4.5b, Pollnac et al. 2012, Milbau et al. 2013, Lembrechts et al. 2016). Our 

results also suggest that this competition with standing biomass is more 

important than temperature for actual establishment, while temperature 

played a bigger role in biomass production after establishment. This decisive 

role of disturbance has been shown before at lower elevations (Lembrechts 

et al. 2016), yet it was surprising that even this high in the alpine zone 

facilitation was still found to be subordinate to competition as the main biotic 

interaction determining invasion (Olofsson et al. 1999, Poll et al. 2009, 

Klanderud 2010, Milbau et al. 2013). 

A key factor explaining this decisive role of disturbance even at this elevation 

is the positive effect it had on microclimate through an increase in GDD (Fig. 

4.2, Table 4.2), thus making the growing season longer and maximum soil 

temperatures higher, whereas intact vegetation in contrast kept soil 

temperatures buffered and centered around lower temperatures (Körner 

2003, Delgado et al. 2007, Lembrechts et al. 2015). A disturbed mountain 

ecosystem thus provides a much more elaborate set of stepping stones for 

plant invaders towards higher elevations (Alexander et al. 2016). The 

combination of the high competitiveness of the standing biomass with the 

positive effect of disturbance on GDD adequately explains why we did not 

find a facilitative effect of the native vegetation in our study system. 

The relation of invader success with the biomass of the native vegetation 

surprisingly switched from negative in the undisturbed plots to positive in the 

disturbed plots (Fig. 4.3b and 4.5b). This positive correlation in the disturbed 

plots hints to a similar effect of biomass removal on native and non-native 

species. Indeed, plots that supported more regrowth of the natural 

vegetation also promoted the establishment and biomass production of non-

native species, suggesting these plots hosted better soil and microclimatic 

conditions than those with lower native and non-native biomass production. 

Additionally, the native vegetation regrowing in the disturbed plots mostly 

consisted of forbs and grasses with limited competitive advantage over the 

non-native seedlings, compared with the dense cover of mosses and sedges 
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in the undisturbed vegetation. A similar discrepancy has been shown before 

for native and non-native species richness on different spatial scales (the 

biotic acceptance hypothesis, predicting more invaders in species rich areas 

on a large spatial scale, but less invaders in rich plots on a small scale, 

Stohlgren et al. 2006). Our results add a temporal discrepancy throughout 

succession to this theory: resource-rich plots will favor both native and non-

native species in the early stages of succession, i.e. in disturbed plots, while 

they will have a denser native vegetation cover and thus limit non-native 

seedling success when the vegetation is in a climax state. 

Nutrient addition did not increase invader establishment, but it did have a 

strong positive effect on biomass production, especially in combination with 

disturbance (Fig. 4.3 and 4.5). This links to the invasion theory of fluctuating 

resources: the combination of an increase in resource supply with a decrease 

in resource uptake serves as a determinant of invasion (Davis et al. 2000). 

Propagule pressure also had positive effects on both establishment and 

biomass production, with a high propagule pressure being a prerequisite for 

the non-native species to benefit from the warmer microclimate (Fig. 4.5). 

Interestingly, while all studied anthropogenic pressures (disturbance, nutrient 

addition and increased propagule pressure) on their own had a positive effect 

on invader success, the simultaneous presence of these factors and a 

favourable microclimate was needed for plant invaders to grow to maturity in 

this alpine ecosystem (Lembrechts et al. 2015). 

While establishment success was significantly lower in disturbed plots on 

north-facing (colder) slopes at the beginning of spring, it surprisingly showed 

a faster increase there throughout the second growing season due to the 

germination of seeds that had remained dormant, until the probability of 

establishment eventually became unrelated to aspect at the moment of the 

harvest (Fig. 4.4). The growing season was however too short in these colder 

plots to result in the same levels of biomass production at the end of the 

summer (Fig. 4.5a, Laube et al. 2015). These surprising results imply that non-

native species may establish in disturbed plots everywhere at these 

elevations, but that they will only grow to maturity when the microclimate is 

suitable throughout the whole growing season (Greenwood et al. 2015). Non-

native plant invaders may thus have higher chances in warmer plots to 

accomplish a full life cycle, ensuring a successful flowering and subsequent 

production of seeds to build up an established population and a subsequent 

founder effect. While this difference in growing season length explains the 
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large discrepancy between north- and south-facing slopes, it could also be 

part of the reason why invader success was higher in the disturbed plots 

compared to the undisturbed ones. 

In conclusion, we showed that a vanguard of non-native species can establish 

in warm microsites at high elevations in cold-climate mountains as soon as 

propagules are introduced. Such warm microsites may act as stepping stones 

for non-native plant invaders to expand their ranges to elevations high above 

their current limits. These climatic stepping stones suggest that substantial 

range expansion can be expected in the near future for several non-native, 

but also native, species currently residing at lower elevations. Yet, the strong 

correlation of invader establishment with anthropogenic influences in our 

experiment shows the fundamental role of humans as catalysts of this 

upward expansion in high-elevation areas. We thus predict an increasing risk 

for plant invasion in the alpine zone in a future that is likely to combine a 

warming climate with increasing anthropogenic influences at high elevations 

(Pauchard et al. 2009). An increase in the average annual temperature of 1°C 

(365 GDD) would even be sufficient to make the least favorable plots in our 

experiment experience the temperature currently measured in the warmest 

plots. This would boost invader growth significantly, especially in disturbed 

sites. We thus emphasize the importance of implementing our findings into 

management plans for non-native species in cold regions. While climate 

cannot be controlled at a local scale, human disturbances can be greatly 

reduced by local regulations (Pauchard et al. 2016), which would lower the 

propagule pressure and limit the creation of climatically suitable microsites.
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Chapter 5. Trade-off between competition and facilitation limits 

gap colonisation in harsh environments 

 

This chapter is based on: 

Lembrechts JJ, Milbau A, Nijs I (2015). Trade-off between competition and facilitation limits 

gap colonisation in harsh environments. AoB Plants. 7 plv128. 

 

 

 

 

 

 

 

 

 

Recent experimental observations show that gap colonisation in small-stature (e.g. 
grassland and dwarf shrubs) vegetation strongly depends on the abiotic conditions 
within them. At the same time, within-gap variation in biotic interactions such as 
competition and facilitation, caused by distance to the gap edge, would affect 
coloniser performance, but a theoretical framework to explore such patterns is 
missing. Here we model how competition, facilitation and environmental conditions 
together determine the small-scale patterns of gap colonisation along a cold gradient 
in mountains, by simulating coloniser survival in gaps of various sizes. Our model adds 
another dimension to the known effects of biotic interactions along a stress gradient 
by focussing on the trade-off between competition and facilitation in the within-gap 
environment. We show that this trade-off defines a peak in coloniser survival at a 
specific distance from the gap edge, which progressively shifts closer to the edge as 
the environment gets colder, ultimately leaving a large part of large gaps unsuitable 
for colonisation in facilitation-dominated systems. This is reinforced when vegetation 
size and temperature amelioration are manipulated simultaneously with temperature 
in order to simulate an elevational gradient more realistically. Interestingly, all other 
conditions being equal, the magnitude of the realised survival peak was always lower 
in large than in small gaps, making large gaps harder to colonise. The model is 
relevant to predict effects of non-native plant invasions and climate warming on 
colonisation processes in mountains. 
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5.1. Introduction 

 

Vegetation gaps originate from small-scale disturbances resulting in 

competitor-free space (Bullock 2000). They are created by a wide variety of 

processes, of both natural and anthropogenic origin (Chambers 1995, Bullock 

2000, Kohler et al. 2006). Environmental conditions within gaps differ from 

those in the surrounding vegetation, favouring opportunistic species (Poulson 

and Platt 1989, Thompson et al. 1996, Liu and Han 2007) but disfavouring 

others (Thompson et al. 1996, Bullock 2000). In many cases, gaps therefore 

modify the realised species composition of a community (Bullock 2000, 

Schnitzer and Carson 2001, Vandvik 2004). This makes them important 

drivers of vegetation dynamics, a key process in the area of species 

movement under global climate change. Understanding how easily species 

will be able to colonise new environments requires insight in within-gap 

dynamics.  

Worldwide, mountains undergo rapid warming, stirring debate on their 

susceptibility to being colonised by lowland species. Yet, gap colonisation in 

mountains is less well understood than in lowlands because temperature 

gradients associated with elevation add complexity. Vegetation gaps in such 

dynamic systems as mountains are common and can have several causes, 

including animals (e.g. livestock), natural disasters (e.g. erosion, avalanches, 

mud slides), vegetation die-off or anthropogenic disturbances (e.g. 

construction works, path creation) (Chambers 1995, Körner 2003).  

The survival of gap colonisers in mountains can be linked to the Stress 

Gradient Hypothesis (Bertness and Callaway 1994, Maestre et al. 2009, 

Cichini et al. 2011). This hypothesis states that with increasing environmental 

harshness, facilitation gains importance over competition (Carlsson and 

Callaghan 1991, Callaway and Walker 1997, Callaway et al. 2002, Badano et 

al. 2007, Brooker et al. 2008, Maestre et al. 2009, He et al. 2013) because the 

vegetation ameliorates conditions that would otherwise limit plant growth 

and survival (Carlsson and Callaghan 1991, Bertness and Callaway 1994, 

Milbau et al. 2007, Wright et al. 2014). In particular, the plant canopy lowers 

wind speed, delays snowmelt and reduces net longwave radiation loss at 

night and in winter, overall improving minimum temperatures close to the 

surface (Carlsson and Callaghan 1991, Cavieres et al. 2007, Eränen and Kozlov 

2007, Zvereva and Kozlov 2007, Abd Latif and Blackburn 2010, Cutler 2011). 
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With regard to gap colonisation, one may thus expect the surrounding 

vegetation to protect colonisers at the more stressful end of the gradient, so 

at higher elevation, whereas competition, on the other hand, would reduce 

coloniser survival in lowlands where abiotic stress is less severe. It needs to 

be noted, though, that recent data suggest that competition may remain 

important also at colder ends of temperature gradients (Olofsson et al. 1999, 

Forbis 2003, Eränen and Kozlov 2007, Klanderud 2010, Dvorský et al. 2013, 

Milbau et al. 2013). 

Most research on the stress gradient hypothesis has focused on the presence 

or absence of interacting neighbours, while the role of distance to neighbours 

has thus far been examined less often (but see Milbau et al. 2007,  and zone-

of-influence models, e.g. Jia et al. 2011). Yet both negative and positive 

interactions intensify exponentially when the distance of a coloniser to the 

resident vegetation diminishes (Casper et al. 2003, Kulmatiski and Beard 

2013). The increase in competition, for example, is caused by an increasing 

probability of both above- and belowground space occupation and resource 

use by the vegetation, such as nutrient use and shading (Poulson and Platt 

1989, Casper et al. 2003, Hu and Zhu 2008). Therefore, competition is 

reduced in gap centres compared to edges (Aguilera and Lauenroth 1993, 

Bullock 2000, Jutila and Grace 2002, Liu and Han 2007, Liu et al. 2008, 

Montgomery et al. 2010). In stressful environments, the presence of 

facilitation close to the gap edge might be essential to allow the survival of a 

gap coloniser. Recent experimental research in both forests and small-stature 

vegetation suggests that gap colonisers are indeed limited to gap edges in 

harsh surroundings (Heinemann and Kitzberger 2006, Cichini et al. 2011, 

Fibich et al. 2013, Bílek et al. 2014). This within-gap variation in survival 

conditions depending on the abiotic environment is currently largely 

unaccounted for in the many studies on the effects of gap size on 

colonisation processes in forests and grasslands (e.g. Aguilera and Lauenroth 

1993, Gálhidy et al. 2006, Liu et al. 2008, He et al. 2012). 

Plants thus face high levels of competition and facilitation in gap edges, and 

low levels of both in gap centres. The spatial preferences of colonisers within 

gaps will hence depend on the relative importance of these two processes 

under the prevailing level of environmental harshness (e.g. cold 

temperatures), as well as on gap size and height and density of the 

surrounding vegetation, the latter of which will also depend on the 

environmental harshness, with smaller plant canopy heights in alpine than in 
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lower elevation vegetation (Körner 2003 and citations therein). 

Understanding how these factors combine is key to accurately estimate the 

fate of gap colonisers in a changing environment. 

In this study, we model the spatial patterns of coloniser survival inside gaps in 

small-stature vegetation (e.g. grassland, herbaceous vegetation or dwarf 

shrubs) to define the influence of the abovementioned factors. The model is 

then used to predict changes in the location and magnitude of optimal 

survival within gaps along an elevation gradient characterized by decreasing 

air temperature and coinciding decreases in biotic effect size of the 

surrounding vegetation (smaller plants) and increases in facilitative 

temperature amelioration (Wright et al. 2015). We expect optimal survival 

locations to shift from the gap centre to the edge with increasing elevation, 

because at high elevations the amelioration of temperature and wind stress 

close to the vegetation favours survival more than competition impairs it 

(Callaway and Walker 1997, Callaway et al. 2002). At the same time, we 

expect that the declining effect size of the surrounding vegetation towards 

greater elevation will diminish the fraction of the gap surface suitable for 

colonisation. 

 

5.2. Material and methods 

 

The survival (S) of gap colonisers within circular gaps in grassland or dwarf 

shrub vegetation under cold environmental conditions was expressed as the 

intrinsic survival at the prevailing minimum environmental temperature (SE), 

multiplied by the influences of competition (C) and facilitation (F): 

S = SECF                                                         (1) 

The intrinsic survival SE at a minimum environmental temperature T itself was 

modelled with a logistic function based on the minimum temperature value 

at which survival is 50% (T50, Fig. 5.1) (Larcher and Bauer 1981, Körner 2003). 

SE(T) =
1

1 + e−(T−T50)
                                             (2) 
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Figure 5.1. Intrinsic coloniser survival (SE) as a function of minimum 

environmental temperature (T) for a species with a 50% survival at a 

temperature of T50 = -6°C. The effect of a local temperature amelioration of 

3°C through facilitation (ΔTf) on coloniser survival is shown for a minimum 

environmental temperature of -9°C and -4°C.  

 

 

This function incorporates some of the known and tested responses of plants 

to low temperatures relevant to this study: a positive exponential response 

with increasing temperatures at extreme temperatures and a positive linear 

response at moderately extreme temperatures, with maximum survival 

approached asymptotically in mild environments (Jame et al. 1999, Yan and 

Hunt 1999). We set T50 to -6°C for a hypothetical species, based on the 

average freezing tolerance in dehardened alpine plants, experimentally 

obtained as the temperature at which 50% of samples were damaged 

(Larcher and Bauer 1981, Körner 2003). 

  



PART IV. Chapter 5 

 

130 
 

The relative effect of competition in Eq. 1 was modelled as an exponential 

function of the distance to the gap edge (d, in cm), based on the exponential 

decline in the probability of resource uptake by a plant with increasing 

distance from its stem base (Casper et al. 2003, Kulmatiski and Beard 2013). 

This relative competition effect equalled zero under maximal competition at a 

distance of 0 cm, and gradually increased (with a theoretical asymptotical 

maximum of 1) with increasing distance from the gap edge (Fig. 5.2a): 

C(d) = 1 − e
−

d
dC                                                        (3) 

C is the relative coloniser survival under competition as a function of d, and dC 

defines the distance from the gap edge at which this survival is reduced to 

0.5. This effect size dC defines the zone of influence of the vegetation, which 

correlates with its height (Zhang et al. 2013) and hence allows to incorporate 

the effect of reduced competition at high elevations indirectly through the on 

average smaller size of the vegetation in cold environments (Fig. 5.2a, 

Dvorský et al. 2013). Despite differences in competition for resources above- 

and belowground (Zhang et al. 2013), only one competitive term was used. 

By expressing competition as a reduction in coloniser survival, all competitive 

effects were combined in this one factor. Throughout the paper, a dC of 20 

cm is used by default to simulate small-stature grassland or dwarf shrub 

vegetation. Figure 5.2c shows the realised survival of gap colonisers under 

competition on varying distances from the gap edge, in a gap with a dC of 20 

cm for a range of temperatures. 

Similar to competition (Eq. 3), the influence of facilitation on survival at a 

certain minimum environmental temperature was modelled to decrease 

exponentially with increasing distance from the gap edge (Fig. 5.2b), 

dependent on the facilitative effect size of the vegetation (dF), as facilitation 

is as much related to the size and density of the surrounding vegetation as is 

competition (Eränen and Kozlov 2007). Facilitative vegetation is known to 

increase temperature minima and protect against freezing in cold 

environments (Chapin et al. 1979, Cavieres et al. 2007, Cutler 2011, see also 

Fig. V.4): 

F(d) = 1 + [
SE(T + ΔTf)

SE(T)
 − 1] e

−
d

dF                                 (4) 



PART IV. Chapter 5 

 

131 
 

F and dF were defined analogous to C and dC in Eq. 3. The parameter ΔTf 

represents the increase in temperature due to the cover effect of the 

vegetation surrounding the gap and Eq. 2 was used to calculate the intrinsic 

plant survival (SE). By default, a ΔTf  of 3°C was used, a reasonable yet 

conservative approximation for the increase of minimum temperature 

through facilitation in cold environments (Cutler 2011). Later, we varied ΔTf 

with elevation, implementing the known increased temperature ameloriation 

as a function of elevation (Wright et al. 2015). Figure 5.2d shows the 

facilitation effect on the realised survival of a gap coloniser as a function of 

the distance to the gap edge for a range of environmental temperatures. The 

same facilitative temperature amelioration of 3°C had a larger relative effect 

(F) in colder environments, but its realised effect decreased again in the most 

extreme environments, due to the lower values of S (Fig. 5.2d, Brooker et al. 

2008). 

Subsequently, the previous equations were combined to model the relative 

(SRel) and realised (S) survival at a distance d from one vegetation edge: SRel = 

CF, S = SECF (Fig. 5.3). This relative survival (SRel) under competition and 

facilitation was thus multiplied with the intrinsic survival (SE) to calculate the 

realised survival (S). 

In the following simulations within circular gaps, the effects of competition 

and facilitation were integrated for each location in the gap by taking the 

average of all calculated coloniser survival values for all possible distances to 

the gap edge in circular gaps of varying sizes. We used gaps with sizes ranging 

from 5 cm to 1 m to include both small scale natural gaps (as caused by 

animals for example) and larger scale disturbances as caused by humans or 

natural disasters. Although many of these disturbances will in reality have 

irregular shapes or will even be linear (like trails), we chose for circular gaps 

for simplicity and general applicability of the theoretical insights. As the biotic 

effects will fade out after a certain distance, it is not necessary to model 

larger gaps, as coloniser survival will stay constant after a certain distance (S = 

SE). 

We first simulated a gap without freezing (0°C) and thus without facilitative 

effect, only taking into account competition. Next, survival was modelled for 

harsher conditions at -8°C, with both competition and facilitation, and for 

different gap sizes to show the effect of gap sizes on the survival of gap 

colonisers. 
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Figure 5.2. Relative (top) and realised (bottom) coloniser survival as a 

function of distance (d) to the gap edge under competition with (left) or 

facilitation from (right) the vegetation. A: relative survival under competition 

for varying effect sizes of the surrounding vegetation (dC). B: relative survival 

under facilitation at a minimum environmental temperature T of -8°C, for 

varying effect sizes of facilitation (dF) and with a temperature amelioration 

through facilitation ΔTf = 3°C. C: realised coloniser survival under competition 

for varying T, with dC = 20 cm. D: realised coloniser survival under facilitation 

at varying T with dF = 20 cm and ΔTf = 3°C. T = -2°C is not shown here, because 

the modelled temperature would shift outside the range of the model. 

 

 

  



PART IV. Chapter 5 

 

133 
 

 

 

Figure 5.3. Top and middle row: relative (SRel, A-C) and realised (S, D-F) 

coloniser survival (red) with changing distance to the gap edge (cm) for T = -

5°C (panels A, D), -8 °C (panels B, E) or -11°C (panels C, F). ΔTf = 3°C, dC and dF 

= 20 cm. Bottom row: realised coloniser survival with dC and dF = 10 cm (panel 

G), 20 cm (panel H) or 40 cm (panel I). T = -8°C, ΔTf = 3°C. The underlying 

components of competition (function C) and facilitation (function F) are 

shown respectively in blue and green. See Fig. 5.2 for other symbols, and text 

for used functions. Y-axis on the top row is variable, on the middle row set to 

1, and on the bottom row to 0.5.  
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 All parameters in Eqs. 1-4 were subsequently varied separately at a fixed gap 

size to unravel their individual effects and understand their roles in shaping 

survival patterns. We separately varied the environmental temperature (T), 

the coloniser characteristics (T50) and the characteristics of the surrounding 

vegetation (dC, dF, ΔTf). 

Finally, we calculated gap colonisation along a realistic temperature gradient 

in mountains by decreasing the minimum environmental temperature, the 

effect size of the vegetation with increasing elevation (representing the 

decreasing vegetation size in colder conditions, Körner (2003)), and 

increasing the facilitative temperature amelioration (Wright et al. 2015). 

More precisely, we modelled an elevational gradient of approximately 2000 

m with a minimum temperature shift from T = -4°C to T = -12°C (Minder et al. 

2010) from the lowest to the highest elevation, a corresponding decrease in 

effect sizes of both facilitation and competition from dC = dF  = 50 cm to dC = 

dF = 5 cm and a change in facilitative temperature amelioration from ΔTf  = 

1°C to 5°C.  

All simulations were run in R (R Development Core Team 2013). 

 

5.3. Results 

 

The graphs of the combined relative (SRel) and realised (S) survival with 

increasing distance to one gap edge (Fig. 5.3a-f) show the trade-off between 

competition and facilitation with distance and the changes in realised survival 

with decreasing minimum temperatures. With more severe frost, maximal 

survival occurred closer to the edge due to the higher relative importance of 

facilitation (Fig. 5.3a-c). At the same time, the absolute values of the maxima 

decreased as lower temperatures reduced intrinsic survival (Fig. 5.3d-f), first 

limiting it to locations close to the edge (Fig. 5.3e) and ultimately reducing 

survival to virtually zero everywhere in the gap at T= -11°C (Fig. 5.3f). A 

greater effect size of the vegetation shifted the optimum away from the 

edge, and enhanced survival across a greater range (Fig. 5.3g-i).  

When modelling gap survival in an environment without sub-zero 

temperatures and hence an intrinsic survival of 1, the realised coloniser 

survival increased asymptotically towards the gap centre (Fig. 5.4a). The 
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inclusion of facilitation and lower intrinsic survival in sub-zero temperatures, 

on the other hand, created variable patterns in which the location of optimal 

survival depended on the gap size (shown for – 8°C in Fig. 5.4b). In small gaps, 

realised survival was still maximal in gap centres, similar to Fig. 5.4a, but 

beyond a certain gap size (d > 25 cm at T = -8°C), realised coloniser survival 

unexpectedly decreased in the entire gap. This decrease was faster in gap 

centres than edges, where survival remained higher due to the positive effect 

of facilitation. The highest survival rates however occurred in gaps of 

intermediate size (d around 25 cm in Fig. 5.4b).  

 

 

Figure 5.4. Realised coloniser survival as a function of distance to the gap 

edge (cm) with competition at positive temperatures within a gap of 100 cm 

diameter (A), and with facilitation and competition at T = -8°C in gaps of 

different sizes (B). Note the different colour scales (left and right) in A and B. 

dC = dF = 20 cm, ΔTf = 3°C. See Figs. 2 and 3 for other symbols. 

 

 

After showing the effect of competition and facilitation as a function of 

distance to one gap edge (Fig. 5.3) and the effects of varying gap sizes (Fig. 

5.4b), we varied the effects of other parameters in gaps of a constant 

diameter of d = 100 cm. The exact location and value of maximal coloniser 

survival within gaps depended on the minimum environmental temperature 

(T), the coloniser’s sensitivity to low temperatures (T50) and the 

characteristics of the vegetation (dC, dF, ΔTf). With declining T, coloniser 

survival in gaps of equal size dropped, but faster in gap centres than edges, 

which is similar to the decline observed with increasing gap sizes (Fig. 5.5a-c, 

note the different scaling). Colonisers in cold environments were thus 
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increasingly restricted to gap edges (Fig. 5.5c). Conversely, at less extreme 

temperatures, the importance of temperature facilitation declined while 

competition remained, resulting in better survival in gap centres. Moreover, 

the gap surface available for colonisation was significantly larger at high 

compared to low temperatures (Fig. 5.5a-c). Changing the coloniser’s T50 

resulted in species-specific shifts of the whole pattern along the 

environmental gradient, yielding exactly the same outcomes but at different 

temperatures. Species with a lower T50 performed relatively better at the 

same minimum temperature (as shown for T = -8°C in Supplementary 

material Fig. S5.1). Adding an extra factor to equation 2 by replacing 

(T − T50) by a(T − T50) and varying a, changed the steepness of the species’ 

temperature reaction curve (Supplementary material Fig. S5.1). Different 

species then had different survival optima within gaps along the gradient. 

In our model, the size and density of the surrounding vegetation were 

represented by the effect sizes of competition and facilitation (dC and dF) and 

the temperature increase through facilitation (ΔTf). In vegetation with larger 

dC and dF, maximal survival occurred further away from the gap edge, as 

already observed in Fig. 5.3 (Fig. 5.5d-f, at T = -8°C), and a large effect size 

made large parts of the edges less suitable for colonisation because 

competition dominated over facilitation (Fig. 5.5d). Small values of dC and dF 

on the other hand resulted in lower survival in gap centres and relatively 

higher survival in the edges (Fig. 5.5f). Dissimilar values for dC and dF 

surprisingly affected the overall survival more than the location of the optima 

(Fig. 5g-i, note a different scaling compared with Fig. 5.5d-f). Survival was 

especially low in vegetation with large competitive and small facilitative 

influences. Changing the size of the facilitative temperature increase (ΔTf) 

altered the realised survival, but not the location of peak survival nor the 

overall response pattern (Supplementary material Fig. S5.2). Higher values of 

(ΔTf) increased the peak survival, while lower values had the opposite effect. 
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Figure 5.5. Realised coloniser survival as a function of distance to the gap 

edge for gaps of 100 cm diameter. Top row: T = -4°C, -8°C or -12°C with dC = dF 

= 20 cm. Middle row: dC and dF of 80 cm, 20 cm and 5 cm at T = -8°C. Bottom: 

dC = 25 cm and dF = 15 cm, dC = dF = 20 cm, dC  = 15 cm and dF = 25 cm at T = -

8°C. ΔTf  was always 3°C. See Fig. 5.2 for symbols. Note the different colour 

scales within the first row and between the rows. 
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As the effect sizes of competition and facilitation and the size of the 

facilitative temperature amelioration covary with temperature along a real 

mountain gradient, we modelled their interaction (Fig. 5.6). More extreme 

minimum environmental temperatures together with smaller vegetation but 

on average higher facilitative temperature amelioration increased the 

eccentricity of maximal survival on higher elevations even more than when all 

of them were considered separately. Coloniser survival was reduced and 

limited to the edges, and a large fraction of the gap surface became 

unsuitable for colonisers at high elevations. At low elevations, on the other 

hand, the pattern was opposite, with most parts of the gap surface at a 

certain distance from the edge available for colonisation. These interactions 

resulted in an overall decrease in coloniser survival with decreasing minimum 

temperatures, albeit at a slower pace in gap edges than in gap centers, 

shifting the location of the optimum from the gap center to the gap edge 

before ultimately reducing coloniser survival to zero in the whole gap (Fig. 

5.7). 
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Figure 5.6. Realised coloniser survival along a theoretical elevational gradient as a function of distance to the gap edge for gaps of 

100 cm diameter, for low (T = -4°C, dC = dF = 50 cm, ΔTf = 1°C), middle (T = -8°C, dC = dF = 20 cm, ΔTf = 3°C) and high elevations (T = -

12°C, dC = dF = 5 cm, ΔTf = 5°C). See Fig. 5.2 for symbols. Note the different colour scales. 
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Figure 5.7. Realised coloniser survival at different distances (d in cm, from gap 

edge (d = 0 cm, light blue lines) to halfway the gap center (d = 25 cm, darkest 

lines)) from a gap edge for gaps of 100 cm diameter along a theoretical 

elevational gradient with temperatures ranging from T = - 13°C to T = - 3°C, for dC 

= dF ranging from 50 cm to 5 cm and ΔTf ranging from 5°C to 1°C.  
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5.4. Discussion 

 

Within-gap survival optimum 

The stress gradient hypothesis predicts a shift from competition to facilitation 

dominated systems along a stress gradient (Bertness and Callaway 1994). Our 

model adds another dimension by focussing on the within-gap environment, 

showing that the interaction between competition and facilitation defines a peak 

in coloniser survival at a certain distance from the gap edge. For a field test of this 

prediction, see Fig. V.2. This optimal distance depends on the minimum 

environmental temperature and characteristics of the surrounding vegetation, the 

importance of which has also been shown in experimental studies (e.g. Cichini et 

al. 2011). Our model predicts that coloniser survival decreases on all locations in 

the gap with increasing environmental harshness, but at a slower pace in gap 

edges (Fig. 5.7). The location of optimal survival hence shifts from gap centres to 

gap edges in cold environments, leaving large parts of gaps unavailable for 

colonisers, while plants will grow in a more aggregated way (see e.g. Kikvidze et 

al. 2005). This eccentricity is enhanced when we accounted additionally for 

smaller vegetation with smaller effect sizes of competition and facilitation in 

colder temperatures, but relatively higher temperature amelioration (Wright et al. 

2015). These results trace back to our assumption that the relative importance of 

facilitation increases at lower temperatures (Brooker and Callaghan 1998, Wright 

et al. 2015), while the relative intensity of competition stays the same. Indeed, 

competition depends on the ability of the vegetation to take away resources, 

which is determined more by plant size than by temperature (Brooker and 

Callaghan 1998, Dormann and Brooker 2002, Forbis 2003). As temperatures 

continue to drop, the interaction between critically low intrinsic survival and 

much reduced vegetation size can also explain why experimental studies 

ultimately observe reduced facilitation under extreme environmental harshness 

(Brooker et al. 2008). Here, facilitation will no longer overcome environmental 

limitations. 

Effects of gap size and species-specific characteristics 

As observed experimentally (Liu et al. 2008, Tozer et al. 2008), the location and 

magnitude of the optimal survival predicted by the model depended on gap size, 

following a hump-shaped pattern with increasing gap size. In small gaps (and in 

warm environments), gap size and coloniser survival were positively correlated, 

with highest survival in gap centres. Such a preference for gap centres has also 
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been shown before (Poulson and Platt 1989, Jutila and Grace 2002, Heinemann 

and Kitzberger 2006, Fibich et al. 2013). For larger gaps however, we observed an 

increasingly eccentric location of survival optima.  

Species at the lower edge of their temperature niche (in this case approaching 

environmental minimum temperatures of – 12°C, Figs. 5.1 and 5.7) are 

particularly hampered in gap centers. This pattern is supported by observations in 

cold-climate ecosystems in general, where only small gaps and gap edges close to 

the established vegetation stay available for colonisers (Carlsson and Callaghan 

1991, Eränen and Kozlov 2007, Cichini et al. 2011, Milbau et al. 2013). 

Interestingly, in our model also the magnitude of the realised survival optimum 

was lower in larger gaps, regardless of temperature, making them harder to 

colonise in facilitation-dominated systems. This is linked to the fact that colonisers 

of small gaps not only experience the facilitation effect from the closest gap edge, 

but from the whole gap. In large gaps, on the other hand, only the closest gap 

edge adds to the facilitative effect. For these reasons, recolonisation after large-

scale disturbance of natural or anthropogenic origin would be restricted in cold 

environments (Eränen and Kozlov 2007), slowing down the recovery of the 

system. As anthropogenic disturbances (e.g. road construction) will often be even 

larger in size than shown here, our model predicts colonisation of these 

disturbances in grassland or dwarf shrub vegetation in cold environments to be 

severely hampered. 

Varying the species-specific parameters of the model demonstrated that species 

with a different temperature response had survival optima at different locations 

within gaps. This finding links to niche differentiation and the gap partitioning 

hypothesis, stating – for forest gaps – that different colonisers will prefer different 

gap parts (Busing and White 1997, Kern et al. 2013). Species less adapted to the 

environmental conditions can indeed still outcompete better adapted species at 

the edge of a gap, owing to facilitation (Busing and White 1997, Ritter et al. 2005, 

Prévost and Raymond 2012). It is important to notice that the model only focusses 

on the first stages of establishment, as larger plants in later successional stages 

can facilitate their own survival as much as the surrounding vegetation does 

(Körner 2003).  

Other environmental stress gradients 

While we focused on cold gradients in mountains, the model can likewise be 

applied to latitudinal cold gradients, where plant size and temperature also 

decrease simultaneously towards high-latitude systems. Although the model only 
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incorporated a temperature gradient, it does integrate the indirect effects of cold 

on other environmental conditions. Nutrient levels are for example often limiting 

at high elevations (Körner 2003), but these add to the reduced survival potential 

(SE) in cold environments, in line with the modelled patterns. The same holds true 

for shading, which will play a less important role at high elevations and is included 

in the declining effect size of competition exerted by the lower vegetation at high 

elevation.  

The model only considers an environmental severity gradient for one non-

resource condition (minimum temperature in mountains) and its direct and 

indirect effects on competition and facilitation. It could be recalculated, however, 

for other types of facilitation on other stress gradients, such as attracting 

nutrients or cooling by providing shade, which are likely to be important in 

respectively nutrient poor and hot environments, also occurring in mountains 

(Callaway and Walker 1997, Holmgren and Scheffer 2010, Madrigal-Gonzalez et al. 

2013, Michalet et al. 2014). For facilitation which decreases the maximum 

temperature such as shading, this can be implemented easily by defining a 

decreasing survival-temperature curve rather than the increasing one shown in 

Fig. 5.1. He et al. (2013) observed in their meta-analysis a consistent trend 

towards growing closer to the vegetation in the case of stress due to resource 

limitations, but stated that this was caused by a reduction in competition more 

than by an increase in facilitation. We conjecture that the same patterns will 

occur along all types of stress gradients: the harsher the conditions, the more 

colonisers will be limited to gap edges.  

Assumptions and validation 

We addressed the process of gap colonisation in mountains with mathematical 

modelling, neglecting the colonisers’ demography. This avoids the complexity and 

excessive run time of simulations associated with identifying separate individuals, 

but more important is that introducing demographic parameters is unlikely to 

alter the outcome. For example, few or no colonisers will establish on locations in 

the gap where conditions do not allow it, even when seed supply is abundant. 

Likewise, growth and mortality will correlate with the same environmental and 

biotic variables that determine the modelled coloniser survival. Our underlying 

mathematical approach is based on the suitability of gaps for coloniser survival 

and the variation in conditions within those gaps by focussing on the small-scale 

zonation and environmental variation within them. By applying macro-ecological 

principles on a micro-scale, we highlight the importance of strong environmental 
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gradients on ecological processes on a micro-scale in gaps, as also observed in 

other systems (Bennie et al. 2008). Other assumptions, chosen equations and 

values were justified in the section on model development. 

The model could be validated by measuring gap coloniser survival along an 

elevation gradient together with some basic abiotic variables and gap 

characteristics. Minimum temperatures for plant survival are often reported (e.g. 

Körner 2003 and references therein), and these temperatures are easy to record 

in the field with temperature loggers, even on a small scale. The ΔTf parameter 

then results from the difference in temperature between edge and centre, and 

the effect size of facilitation will be visible as the distance from the gap edge 

where the increase in minimum temperature is still at 50 percent. The effect size 

of competition can be derived from measurements of light reduction in the gap 

edge. As in reality gaps will not be circular and effect sizes will vary depending on 

the orientation and inclination of the sun, real life patterns will be less 

straightforward than shown here. However, as our model estimates survival for 

every gap position separately by calling the function every time again, this real life 

variation can be implemented when needed.  

Applications 

The conclusions of the model are relevant for two major global change challenges 

in mountains: non-native plant invasions and climate change. Non-native plant 

diversity in mountains is currently strongly correlated with the competitive 

release provided by disturbance, such as in roadsides which can be interpreted as 

large-scale linear gaps (Seipel et al. 2012, Lembrechts et al. 2014). Based on our 

model, however, the harsh climate at high elevations limits non-native plant 

survival in gaps and open spaces, while facilitation becomes the key driver of their 

success (Cavieres et al. 2005b, Badano et al. 2007, Quiroz et al. 2011). A large part 

of those disturbed areas hence becomes unavailable for non-native species, as 

they stay limited to small gaps (Milbau et al. 2013) and locations close to the 

established vegetation. This theory contributes to the explanation of why plant 

invasion along mountain roads slows down with elevation (Alexander et al. 2011, 

Seipel et al. 2012). It may also explain why at high elevations a larger fraction of 

non-native species from roadsides can be found in the undisturbed vegetation 

(Lembrechts et al. 2014). Based on our modelled patterns, we thus warn that, 

contrary to commonly assumed, non-native species might become less connected 

to large, mostly anthropogenic, disturbances at high elevations, as their survival 

chances will be higher in small, natural gaps in the natural vegetation. This shift 
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from a limited number of locations of high disturbance to the vast area of less 

disturbed nature in mountains might make invasion management more 

challenging. 

The spatial temperature gradient in mountains can also be construed as a 

temporal one. From this perspective, the strong warming in alpine environments 

resulting from climate change (Körner 2003) might decrease the importance of 

facilitation at the expense of competition (Klanderud 2010). Our results indicate 

that gap colonisers will then get opportunities to use a larger portion of gap 

surfaces, increasing the efficiency of gap regeneration and the succession rate in 

disturbed alpine environments in a warmer climate. Increasing anthropogenic 

disturbance in mountains, in combination with climate change, might as such 

accelerate the observed upward movement of several species (Pauli et al. 2007). 

Non-native species might also profit from this trend in a warmer climate, as it will 

increase their ability to use linear anthropogenic disturbances as pathways to 

higher elevations (Pauchard et al. 2009) and fill in the gaps created by disturbance 

processes in mountains. The greater importance of competition, on the other 

hand, would increase the threshold of the minimal gap size for successful 

colonisation, although our results show that this effect will be secondary. 

Conclusions 

This model provides a framework for future research on facilitation and 

competition in gaps created by natural or anthropogenic disturbance and helps 

predicting colonisation processes in conditions of varying environmental 

harshness. With the help of a mathematical approach, it connects the research on 

gap regeneration with the vast literature on biotic interactions and the stress-

gradient hypothesis. 

The focus on within-gap variation in growing conditions highlights the need for 

more detailed studies of small-scale climatic and biotic responses to explain and 

predict large-scale processes, as the inclusion of small-scale variation in this 

model indicates that the use and recolonization of open areas after disturbance 

might very well be less straightforward than often assumed. The model, and 

future experimental studies building on it, can help understand and predict global 

phenomena such as non-native plant invasion and the effects of disturbance 

under climate change in cold-climate mountain ecosystems. 
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Chapter 6. Incorporating microclimate into species distribution 

models 

 

This chapter is based on: 

Lembrechts JJ, Nijs I, Lenoir J. (under review). Incorporating microclimate into species distribution 

models. Submitted as a review paper to Ecography’s E4-award. 

 

 

 

 

 

 

 

 

 

Species distribution models (SDMs) have rapidly evolved into one of the most widely used 
tools to answer a broad range of ecological questions, from the effects of climate change 
to challenges for species management. Current SDMs and their predictions under 
anthropogenic climate change are however often based on free-air or synoptic 
temperature conditions with a coarse resolution, and thus fail to capture apparent 
temperature (cf. microclimate) experienced by living organisms within their habitats. Yet 
microclimate operates as soon as a habitat can be characterized by a vertical component 
(e.g. forests, mountains, or cities) or by horizontal variation in surface cover. The mismatch 
between how we usually express climate (cf. coarse-grained free-air conditions) and the 
apparent microclimatic conditions that living organisms experience has only recently been 
acknowledged, yet several studies have already made considerable progress in tackling 
this problem from different angles. In this review, we summarize the currently available 
methods to obtain meaningful microclimatic data for distribution modelling, and how they 
are currently applied in SDMs. We end with suggestions on how to move forward and 
further improve the use of microclimate in SDMs. We discuss the issue of scale and 
resolution, and propose an integrated framework using a selection of appropriately-placed 
sensors in combination with both the detailed measurements of the habitat verticality 
structure, for example derived from airborne laser scanning, and long-term synoptic data 
from weather stations. As such, we can obtain microclimatic data with a relevant 
spatiotemporal resolution and extent to dynamically model current and future species 
distributions.  
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6.1. Introduction 

 

Species distribution models (SDMs) are widely used to make predictions and 

assess questions regarding the spatial distribution and redistribution of species 

under environmental changes (Elith and Leathwick 2009). Applications are very 

broad and range from the effects of anthropogenic climate change to biological 

invasions (Guisan and Thuiller 2005). SDMs are usually created by relating known 

species occurrence (or presence-absence) data with information about the 

environmental conditions at these locations (Guisan and Thuiller 2007, Elith and 

Leathwick 2009, Jimenez-Valverde et al. 2011). The most common strategy is to 

work with a set of bioclimatic variables at 30 arc-s resolution (ca. 1 km at the 

equator) or coarser (Hijmans et al. 2005b, Warren et al. 2008, Sears et al. 2011, 

Slavich et al. 2014, Gonzalez-Moreno et al. 2015) which usually represent synoptic 

conditions averaged over 30 years or more. While such macroclimatic data might 

be sufficient in flat terrains with little variation in land use, microclimate starts 

operating as soon as a habitat includes a vertical dimension with significant 

variation along it, originating from either biotic, abiotic or human-made features 

(e.g. in mountains, forests, or cities) (Bramer et al. 2018). 

For example, in mountain regions with heterogeneous topography, microclimate 

can vary noticeably over short distances due to a steep elevational gradient and 

rugged terrain (Gottfried et al. 1999, Guisan and Thuiller 2007, Holden et al. 2011, 

Sears et al. 2011, Opedal et al. 2015, Graae et al. 2017). Annual average 

temperatures have as such been found to vary up to 6°C within spatial units of 1 

km² in Northern Europe (Lenoir et al. 2013). This high temperature variation also 

affects the snow distribution (both snow depth and cover) and consequently the 

local length of the growing season and many associated processes (Körner 2003). 

The fine-grained thermal variability in mountains is usually attributed to physical 

processes such as air motion and solar radiation, interacting with topographic 

complexities such as aspect, slope angle and roughness; i.e., topoclimate (Geiger 

and Aron 2003), with vegetation cover and anthropogenic disturbance 

additionally known to affect local temperatures (Lembrechts et al. 2017b). 

Consequently, the necessity to incorporate topoclimatic processes into SDMs 

covering mountainous regions is now well acknowledged (Randin et al. 2009, 

Dobrowski 2011). 

Similar microclimate heterogeneity has been reported for forest systems, where 

daily maximum temperatures in the understory, i.e. sub-canopy temperatures, 
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have been found to be more than 8°C lower – and occurring significantly later in 

the day – than in comparable clear-cuts (Chen et al. 1999). It has also been 

recently suggested that sub-canopy temperatures are not only buffered but also 

decoupled from free-air temperatures, with important consequences for forest-

dwelling species redistribution under anthropogenic climate change (Lenoir et al. 

2017). In cities, the Urban Heat Island (UHI) effect results in higher air and surface 

temperatures than in their rural surroundings, especially at night (Grimm et al. 

2008). These differences have also been observed to be increasing (from around 

0.5°C differences in 1950 to 1.5°C in 2005 for Brussels) with increasing 

urbanisation in the last decade (Hamdi 2010), indicating a similar decoupling of 

the local microclimate from the background conditions as observed in forests. The 

UHI effect results from the interaction between the vertical use of space (e.g. 

buildings) with the different land cover in urbanised areas, with a lower 

evaporative cooling and reductions in heat convection to the atmosphere thought 

to be the driving factors (Zhao et al. 2014). In general, temperature variation 

occurs at multiple scales, from the smallest boundary layer of air to the landscape 

level (Pincebourde et al. 2016, Bramer et al. 2018). 

In order to accurately predict species distributions in natural or anthropogenic 

environments with such small-scale climatic variability (e.g. arctic-alpine, forest, 

urban), fine-scale climate data is needed (Illan et al. 2010, Scherrer and Körner 

2011, Suggitt et al. 2011, Graae et al. 2012, Opedal et al. 2015). This is important 

for example in regard to holdouts, which are isolated populations that persist in a 

favourable microclimate for a limited period of time amidst deteriorating climatic 

conditions; and microrefugia, where these isolated populations can persist for a 

longer time until climatic conditions return to baseline or suitable (Ashcroft 2010, 

Dobrowski 2011, Hannah et al. 2014, Lenoir et al. 2017, Meineri and Hylander 

2017). Indeed, the spatial heterogeneity in temperature computed from local 

measurements has been shown to be almost twice as large as the one computed 

from global interpolated temperatures, suggesting local persistence opportunities 

through short-distance escapes for populations undergoing anthropogenic climate 

change (Graae et al. 2017). Overlooking such microrefugia likely results in 

overestimations of future species’ range shifts (Lenoir et al. 2013). Climatic 

variability within an area can also buffer climate warming effects considerably 

(Lenoir et al. 2013, Lenoir et al. 2017), but this buffering likewise often remains 

undetected using macroclimatic data at coarse spatial resolution (e.g. CHELSA 

(Karger et al. 2017), WorldClim (Fick and Hijmans 2017), TerraClimate (Abatzoglou 

et al. 2018) or ENVIREM (Title and Bemmels 2017)), which can lead to 

overestimation of extinction rates (Scherrer and Körner 2011, Meineri and 
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Hylander 2017). Another use of microclimatic data lies in the assessment of 

stepping stones, referring to areas with favourable microclimates that facilitate 

species’ range shifts, e.g. upward or poleward movement during climate change 

(Hannah et al. 2014). Such stepping stones can exist in mountain environments 

(Lembrechts et al. 2017b), yet the urban matrix can also act as such for the 

poleward expansion of both heat-loving native and non-native species (Menke et 

al. 2011). 

This mismatch between how we usually measure climate (cf. free-air conditions) 

and the apparent microclimatic conditions that living organisms experience has 

only recently been acknowledged (Potter et al. 2013, Pincebourde et al. 2016), yet 

several studies have already made considerable progress in tackling this problem 

from different angles so as to improve SDMs’ predictions (e.g. Ashcroft et al. 

2008, Slavich et al. 2014, Meineri and Hylander 2017, Bramer et al. 2018). In the 

following sections, we shortly summarize the current available methods to obtain 

meaningful microclimatic data for ecology, after which we show their current 

application in SDMs. 

 

6.2. Sources of microclimatic data 

 

In-situ measurements  

Miniature data-loggers can provide high-resolution measurements of surface, soil 

and air temperatures, with the major advantage that conditions can be measured 

right where they are expected to be ecologically most relevant to living organisms 

(Rae et al. 2006, Ashcroft et al. 2008, Bramer et al. 2018). Small sensors can even 

be attached to the organisms themselves to obtain temperature information right 

at the level of the study object (Potter et al. 2013). Such measurements also allow 

high temporal detail, and focusing on extreme weather conditions has as such 

been shown to be often more relevant for species distributions than the average 

climate over seasons with many different weather patterns (Ashcroft and Gollan 

2012). However, the big drawback of microclimate data from in-situ loggers lies in 

the short temporal extent. These techniques are currently indeed limited to the 

measurement of “micro-weather” data instead of microclimate data. To really 

improve the accuracy of SDMs, the high spatial and temporal accuracy of these in-

situ measurements will need to be combined with long-term measurements, 

either by maintaining loggers in the field over periods of several years or by 
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coupling these loggers with the networks of national weather stations. The use of 

these tools over large geographic extents is also still limited by the cost (Lenoir et 

al. 2013), despite the increasing availability of small, relatively cheap and robust 

temperature sensors (Bramer et al. 2018). 

In-situ measurements with miniature data-loggers additionally provide 

opportunities to measure air humidity (Ashcroft and Gollan 2012), yet techniques 

to accurately measure long-term soil moisture and precipitation in large amounts 

of plots for use in SDMs are currently not readily available (Lenoir et al. 2017), 

even though global databases of soil moisture have been under development for 

decades (Robock et al. 2000, Dorigo et al. 2011). 

In general, in-situ measurements alone are relatively limited in their applications 

for SDMs, as they do not permit spatial predictions, and they will thus need to be 

combined with other techniques to increase their applicability (see later). 

Topographic downscaling of macroclimate 

Techniques to downscale macroclimatic variables, i.e. translating macroclimatic 

variables at finer spatial resolutions by linking global climate models (GCMs) to 

regional or local variables at fine spatial resolution, exist in two broad categories: 

empirical (or statistical) and process-based (or dynamic / mechanistic) 

downscaling (Potter et al. 2013). Empirical downscaling uses statistical 

relationships between local and global climate patterns to estimate climate at 

finer spatial resolutions (Dobrowski et al. 2009, Ashcroft and Gollan 2013a). 

Process-based methods originate in meteorology and incorporate the physical 

processes like energy and mass fluxes or wind speed to predict climate at the local 

scale, which makes them more likely to provide reliable predictions under future 

conditions (Bennie et al. 2008, Evans and Westra 2012, Kearney et al. 2014, 

Felicísimo Pérez and Martín-Tardío 2017, Kearney and Porter 2017). They still 

require inputs from weather stations or climate models, but crucially the 

downscaling process is based on known mechanisms rather than using 

interpolation or statistical algorithms (Bramer et al. 2018). 
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Table 6.1. Main advantages (+) and disadvantages (-) of the different sources of 

microclimatic data for use in SDMs. Spatial and temporal resolution: a more 

detailed spatial respectively temporal accuracy provides an advantage. Spatial 

and temporal extent: data for a larger area respectively time period provides an 

advantage. 

 

 Spatial 
resolution 

Temporal 
resolution 

Spatial 
extent 

Temporal extent 

In-situ measurements 
 

- + - - 

Topographic 
downscaling of 
macroclimate 
 

+, - - + + 

Topographic 
interpolation of 
microclimate 
 

+, - + + - (in-situ) 
+ (weather stations) 

Remote sensing (RS) 
- Ground-based 
- Airplane 

 
+ 
+ 

 
- 
- 

 
- 
+ 

 
- 
- 

- Satellite 
 

- - + + 

RS + downscaling 
 

+ - + + 

RS + interpolating + + + - (in-situ) 
+ (weather stations) 

 

 

  



PART IV. Chapter 6 

153 
 

Contrary to spatial interpolations of microclimatic measurements from 

georeferenced microsensors (e.g. Suggitt et al. 2011, Ashcroft and Gollan 2012, 

see next section), these downscaling techniques of macroclimate do not need any 

field measurements but rely on macroclimate data solely, thus assuming that the 

set of predictor variables used to model climatic conditions at finer spatial 

resolutions will capture microclimatic processes (Bramer et al. 2018). These 

approaches are cheap and can provide great insights, yet become exponentially 

more computationally intense with each linear increase in scale-precision (cf. finer 

resolutions for a given extent), both temporarily and spatially (Potter et al. 2013, 

Hannah et al. 2014). 

The spatial resolution of such downscaling approaches is unavoidably linked to 

the resolution of the underlying available environmental data: it can only ‘fill in 

the gaps’ in a coarser dataset if other fine-grained environmental information is 

available. Most downscaling approaches make use of digital elevation models 

(DEMs) to capture topoclimate without the need for field measurements. High-

resolution digital elevation models (DEM) are currently available at horizontal 

resolutions of 30 m or finer at the global extent (Randin et al. 2009, Hannah et al. 

2014, Davis et al. 2016), allowing a significant improvement over the 1-km 

resolution of global climate data. With not only elevation defining microclimate, 

other topoclimatic variables (e.g. cold-air drainage, solar insolation, distance to 

the coast) are being derived from high-resolution DEMs to further improve 

downscaling (Dobrowski 2011, Ashcroft and Gollan 2013b, Lenoir et al. 2017). 

These statistical approaches increase the accuracy of downscaling as they allow 

advised inclusion of variables known to drive microclimate. Downscaling, 

however, still relies largely on assumptions, making it hard to validate the 

outcome. 

Contrary to the above-mentioned in-situ measurements, approaches downscaling 

global and coarse-grained macroclimatic data at finer spatial resolutions provide 

long-term averages of the microclimate, with a long temporal extent yet a limited 

temporal resolution (Table 1, Woods et al. 2015, Carroll et al. 2016). The obtained 

regional datasets often include estimates of climate extremes (like the warmest 

temperature of the warmest month, Hijmans et al. 2005b) yet in no way allow the 

assessment of variation in frequency and/or intensity of climate extremes over 

time as would be obtained from in-situ measurements. 
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Topographic interpolation of microclimate 

A set of in-situ measured temperatures can also be used to interpolate 

microclimate at fine spatial resolution and across the spatial extent covered by 

the network of sensors (Ashcroft et al. 2008, Maclean et al. 2017, Meineri and 

Hylander 2017), using mixed-effects models or geostatistical techniques such as 

spatial krieging or geographically weighted regression techniques (Fotheringham 

et al. 2003, Ashcroft et al. 2008, Fridley 2009, Ashcroft and Gollan 2012, Meineri 

and Hylander 2017). Although geostatistical techniques may outperform mixed-

effects models to spatially interpolate microclimate, they cannot be used to 

extrapolate microclimate outside the spatiotemporal extent covered by the data, 

which is not the case for mixed-effects models. These techniques allow the 

integration of detailed regional variables (i.e. derived from DEMs or similar 

datasets) in accurate interpolations of microclimate (Maclean et al. 2017, Bramer 

et al. 2018). Such methods accounting for well-known topographic climate-forcing 

have been shown to significantly improve SDMs in regional trials (Ashcroft et al. 

2008, Ashcroft and Gollan 2012, Meineri and Hylander 2017). Although 

interpolation allows filling the gaps between the locations where in-situ 

measurements have been recorded, these techniques have to give in on the 

spatial resolution of the set of available predictor variables (again limited by the 

spatial resolution of the DEMs). These interpolation techniques also allow a high 

temporal resolution, yet are often limited in their temporal extent (Ashcroft et al. 

2008) (Table 1). The combination of a high (hourly) temporal resolution and a long 

temporal extent has however been realized thanks to techniques interpolating 

long-term hourly weather station data with the help of fine-scaled DEMs at 25-m² 

resolution (e.g. Bennie et al. 2013, Meineri and Hylander 2017). However, 

increasing the temporal or spatial extent covered by the microclimatic data, i.e. 

extrapolating measured temperature data outside the studied area or beyond the 

studied period, is unlikely to yield reliable results. This is an important limitation 

with repercussions into distribution modelling. 

The use of remote sensing techniques to measure or infer microclimate  

Recent years have seen a rapid increase in remote sensing techniques (satellite, 

airborne, terrestrial), and consequently a strong increase in the accuracy and level 

of details (Bramer et al. 2018). The most straightforward option to infer 

microclimate from remote sensing is by directly measuring it using remote 

infrared (IR) sensing or high-resolution thermal imagery – via satellites or portable 

IR cameras (e.g. Scherrer and Körner 2010). These techniques can play a crucial 
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role when spatial temperature variations need to be measured with extreme 

accuracy, or in out-of-reach areas such as forest canopies (Faye et al. 2016). 

However, the outcomes have so far not been used in SDMs, as IR-sensing is 

limited to surface temperatures (and biased by the different emissivity for 

different surfaces), and suffers from temporal extent issues when airplane-based 

and spatial resolution issues when satellite-based (Potter et al. 2013). Remote 

sensing can however play an important role in obtaining information on other 

variables that matter for microclimate, like cloud cover (Wilson and Jetz 2016), 

and much-needed information on soil moisture (Njoku et al. 2003, Entekhabi et al. 

2010). 

While temperature data remotely sensed via satellites or portable IR cameras are 

not easy to implement in SDMs, more promising is the use of remote sensing of 

proxy variables to improve the spatial resolution of environmental data used for 

downscaling global climate models or interpolating in-situ data (Table 1, 

Parmentier et al. 2014, Bramer et al. 2018). Indeed, at resolutions finer than the 

25 m available in DEMs, not only physiographic yet also biophysical processes 

start affecting microclimate (Suggitt et al. 2011, Lenoir et al. 2017, Greiser et al. 

2018). Remote sensing techniques such as airborne light detection-and-ranging 

(LiDAR) sensors as well as hyperspectral images can provide a 3D analysis of 

canopy structure and height of the vegetation and ground surface at an 

unprecedented high resolution (Lefsky et al. 2002, Bramer et al. 2018), thus 

providing structural properties of the landscape. To incorporate this information 

into microclimatic values, a process-based modelling approach is needed, in which 

the available knowledge of the effects of microtopography and vegetation on 

temperatures are incorporated (Lenoir et al. 2017). The latter finally provides 

climate data with a high spatial resolution and broad extent, and either a high 

temporal resolution (from interpolation of in-situ data) or broad temporal extent 

(from downscaling of coarse-grained climatic grids) (Table 1). Although the 

potential of LiDAR tools to assess detailed physiographic and biophysical 

processes has recently been highlighted (Keppel et al. 2012), their use in SDMs is 

relatively underexplored (Lenoir et al. 2017). 
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6.3. Inclusion of microclimatic data in SDMs 

 

Current status of microclimate in SDMs 

With the recent rapid advances in microclimatic data sources described above, we 

see a steady increase in the application of this data in SDMs (Fig. 1), with existing 

examples often showing significant improvement of model accuracy. For example, 

Ashcroft et al. (2008) showed that local temperature better predicted the 

distribution of 68% of their 37 studied plant species, and model performance also 

improved significantly using topoclimate for most species living in cold extremes 

in a study on mountain grasses and ferns (Slavich et al. 2014). 

Current application of microclimate modelling techniques into SDMs include both 

interpolation of in-situ measurements (e.g. Ashcroft et al. 2008, Ashcroft et al. 

2009, Slavich et al. 2014) and statistical downscaling to regional topoclimate (e.g. 

Gillingham et al. 2012), with studies across a wide range of spatiotemporal scales 

(Fig. 1). However, as microclimate with a spatial resolutions of less than 10 m² 

have only recently become available through the use of high-resolution LiDAR-

techniques (Lenoir et al. 2017), fine-scale data has currently not been integrated 

into SDMs at broad spatial extents (dashed line in Fig. 1a). Up till the latter paper 

using LiDAR, microclimatic data with the highest spatial resolution for use in SDMs 

was usually obtained through interpolation of in-situ measurements (as in 

Gillingham et al. 2012). Using the interpolation techniques with fine-scaled DEMs 

at 25 m²-resolution in combination with long-term hourly weather station data 

with a long temporal extent however allowed for the desired combination of a 

broad temporal scale with a high temporal resolution (Fig. 1b, top left). This 

combination of temporal accuracy and extent has not yet been found with 

downscaling approaches. 
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In-situ measurements of temperature and other microhabitat characteristics – 

without interpolation - have additionally been shown to be valuable for 

descriptive distribution modelling at the local scale (Opedal et al. 2015, Frey et al. 

2016). For example, strong correlations have been observed between changes in 

the frequency of plant species over time and the in-situ temperature of their 

preferred microhabitat on mountain summits in Switzerland (Kulonen et al. 2018). 

Sometimes, topoclimatic variables assessed directly from DEMs (like elevation, 

solar radiation or cold-air pooling) are also used independently in SDMs, thus 

using an indirect topoclimatic derivative instead of actually downscaled climate to 

improve the spatial resolution of SDMs (see e.g. Roslin et al. 2009, Maclean et al. 

2015, Shinneman et al. 2016, Patsiou et al. 2017). 

The use of microclimatic data in predictive SDMs in a changing future climate has 

currently been explored less frequently, yet inclusion of a higher temporal and 

spatial resolution has been shown to improve such predictions, for example by 

identifying windows of opportunity with both a limited spatial and temporal 

extent for oak seedlings (Davis et al. 2016). The decoupling of microclimate from 

macroclimate under global change increased the predicted reduction in the 

percentage of local extinctions of Swedish alpine species by 2085 (Meineri and 

Hylander 2017), while it also increased the probability of occurrence of a 

theoretical species at its warm range edge (Lenoir et al. 2017).  

Even though several studies have thus successfully used microclimatic data into 

SDMs, we identified the need for an integrative approach, maximizing both the 

spatiotemporal scale and resolution, whilst allowing both descriptive and 

predictive models at scales relevant to the study species. We propose our 

framework in the next sections. 
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Figure 6.1. Overview of the use of microclimate data in SDMs as a function of their spatial resolution and extent (a, log-scale) and 

temporal resolution and extent (b, pseudo log-scale. Studies marked in green used interpolation techniques, while studies marked in 

red used topographic downscaling approaches. Infographics in each corner of each graph visualise the theoretical look of the data in 

question. The dashed line in (a) marks a trade-off, i.e. the lack of studies incorporating microclimate into SDMs with both a high 

spatial resolution and a broad spatial extent. Studies using in-situ climate measurements without interpolation (i.e. no clear spatial 

resolution nor extent), as well as studies using topoclimatic proxies (e.g. solar radiation intensity) are excluded.  

 



PART IV. Chapter 6 

159 
 

Scale: a matter of extent and resolution 

First of all, we want to highlight the importance of the scale – both the extent and 

the resolution – issue when relating climatic data to species distributions. In order 

to maximally improve the descriptive and predictive power of SDMs, researchers 

should be aware of the scale at which species experience the microclimate (Potter 

et al. 2013, Hannah et al. 2014, Carroll et al. 2016). Importantly, scale does not 

only encompass the spatial dimensions, yet also the temporal dimension of the 

used data (Woods et al. 2015, Carroll et al. 2016). For example, the geographic 

distribution of tree species will be strongly dependent on long-term patterns in 

average air temperature, yet also on extremes like minimum winter air 

temperatures, as this affects their vulnerable aboveground organs (Körner 2003, 

Williams et al. 2015). Their seedlings will on the other hand react more strongly to 

seasonal fluctuations in temperatures at the soil surface level, as they are 

uncoupled from free-air temperatures by their limited size. While the necessary 

spatiotemporal resolution is usually smaller than the available coarse-grained 

global and long-term climatic data, this spatiotemporal resolution will likely be 

different for different species, species groups or even different life stages or 

ontogenetic stages of the same species. In general, refining the spatial resolution 

has been shown to be less important for organisms in spatially homogeneous 

environments, while fine temporal resolution might matter less in environments 

where diurnal or seasonal variability is smaller than the environmental tolerance 

of the studied species (like for plants) (Hannah et al. 2014). For small animals, 

however, which can move around to buffer their environment, both a fine spatial 

and temporal resolution could be key. For a temperature-sensitive mammal like 

the American pika (Ochotona princeps), for example, their preferred micro-

environment under rocks has been shown to be up to 30°C cooler than ambient 

temperature maxima (Varner and Dearing 2014), implying that both the 

availability of habitat at low elevations and the possibility of survival under 

warming climate conditions is being underestimated in traditional SDMs. 

Note however that this scale issue does not necessarily imply a blind run for an 

increasing refinement in the spatiotemporal resolution of climate at the global 

extent. While thermal physiology is interesting in its own regard, coarse-grained 

species distribution models should maintain their focus on the actual distribution 

of the species, on a continental or even global scale. Microclimatic precision or 

resolution is thus only valuable down to the level on which it does not affect the 

actual distribution of a species anymore (Bennie et al. 2014). For example, 

microclimatic data showed to improve models of moth distribution at the site 



PART IV. Chapter 6 

160 
 

level, yet not at the regional scale of the full species range in the tropical Andes 

(Rebaudo et al. 2016). The question of scale also relates to the accuracy at which 

predictions are needed and to situations where mean field approximations as 

used in classic SDMs are not accurate (Bennie et al. 2014), as is the case for 

microrefugia, holdouts and stepping stones. However, when fine resolution data 

is available, one can add the assessment of (both spatial and temporal) 

heterogeneity within a certain pixel to the commonly used averages and 

extremes. By doing so, it is possible to capture and assess the impact of local 

environmental heterogeneity on metapopulation and metacommunity dynamics 

(Graae et al. 2017). Such a hierarchical approach, including environmental 

variation obtained at finer resolution into models of a species distribution at a 

coarser scale promises to bridge the gap between local and global species 

distribution questions. 

A framework to obtain adequate microclimatic data for use in SDMs 

But how to answer to both the need for an increased level of detail and a high 

flexibility and adaptability to specific case studies? Certainly our goal should not 

be to fill the entire climatic grid with in-situ temperature sensors, as this is neither 

desirable nor possible (Potter et al. 2013). On the other hand, mechanistically or 

statistically downscaling macroclimate without relying on microclimate 

measurements is also limited, as we need a better understanding of the processes 

underlying microclimate at very fine spatial and temporal resolutions in order to 

improve the accuracy of our models. Recent progress has been made by 

combining in-situ microclimate measurements with fine-grained environmental 

variables derived from remotely sensed images to spatially interpolate 

microclimate (Greiser et al. 2018). However, these microclimatic grids are not 

dynamic over time and unlikely to reflect the long-term dynamic of climate 

(Lenoir et al. 2017) but rather the weather conditions that prevailed during the 

year the microclimatic data where recorded. To solve this issue, we argue in 

favour of an improved and unified statistical framework of spatiotemporal 

interpolations that would combine the use of in-situ microclimate measurements, 

long-term synoptic measurements from meteorological stations and high-

resolution remote sensing images (e.g. airborne LiDAR and hyperspectral images) 

(Fig. 2). Linking in-situ microclimate measurements at fine temporal resolution 

with variables derived from remote sensing images at high spatial resolution and 

with a broad spatial extent will allow to spatially interpolate microclimate (Lenoir 

et al. 2017, see the left side in Fig. 2). At the same time, linking the high temporal 

resolution of in-situ microclimate measurements with long-term synoptic 
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measurements from the closest meteorological stations with a broad temporal 

extent will allow to reconstruct the long-term temporal dynamic of climate 

change (Wason et al. 2017, see the right side in Fig. 2). The generated grids of 

microclimate time series at fine spatiotemporal resolution and with a rather 

broad spatiotemporal extent (e.g. from landscape to regional level) can then be 

used to generate meaningful predictor variables in SDMs. 

This framework highlights the need for accurate in-situ climate measurements, as 

they provide our best option for assessing microclimate at the level of the studied 

organism itself. However, by linking this measured microclimate with remote 

sensing data at fine spatial resolution, and long-term data from meteorological 

stations, both the amount of sensors as well as the extent of the measurement 

period can be limited. This does require a careful sampling design, however, as 

one should attempt to cover the full range of microclimatic variation available 

within the study region to avoid the need for extrapolation outside the measured 

range, and measure at locations and time intervals relevant to the study organism 

(Ashcroft and Gollan 2013a). As stated earlier, the selection of candidate predictor 

variables and the choice of the meaningful spatial resolution for averages, 

extremes and heterogeneity should also be done carefully and in light of the 

biology of the studied species. For example, it has been shown that the degree of 

local decoupling of microclimate from the ambient climate depends on the 

assessed bioclimatic variable, implying that the beneficial effects of microrefugia 

are limited to species restricted by these climatic conditions that are decoupled 

from the regional climate (Hylander et al. 2015, Wason et al. 2017). 
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Figure 6.2. Schematic overview of the proposed strategy for integrated 
interpolation of microclimate and its implementation in species distribution 
modelling. For more details, see main text. 
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To spatially interpolate the microclimate measurements from physiographic, 

biophysical and anthropogenic variables derived from the above-mentioned 

remotely-sensed images (e.g. aspect, slope, solar insulation, land cover, 

disturbance intensity), geostatistical tools (e.g. geographically weighted 

regressions, GWR; Fotheringham et al. 2003) can be used. GWR extends 

traditional regression techniques by adding variation across space to the 

estimated regression parameters. The latter makes the technique highly relevant 

to explore the scale-dependent and spatially variable relationships between 

measured temperatures and physiographic, biophysical or anthropogenic drivers 

of these temperatures (Su et al. 2012). Depending on the scale of the study and 

the focal organism under study, the used remote sensing data can be satellite-

borne, airborne or even ground-based (e.g. Lenoir et al. 2017). As more and more 

– mostly satellite-borne – remote sensing data is becoming freely available, the 

actual costs of our proposed approach can even be limited to those that are 

related to the maintenance of the carefully designed in-situ sensor network. 

Finally, the obtained microclimate can be used to calibrate SDMs and predict the 

distribution of the studied species at the desired scale (spatiotemporal extent and 

resolution) (Fig. 2). Ideally, one integrates population dynamics of the focal 

species to include their potential to actually explore the thermal heterogeneity 

within the environment (Graae et al. 2017). The broad temporal extent (e.g. 

several decades) and high temporal resolution (e.g. daily maxima or minima) of 

the obtained microclimatic data creates unprecedented opportunities here to link 

available long-term species distribution data to the actual environmental 

conditions at the moment of the measurement, or to the past environmental 

conditions occurring several days, weeks, months or years before (cf. legacy or 

lagging effects). This does however require (process-based or empirical) 

assessments of the relevant temporal window to consider for a certain (group of) 

focal species. It will also prove valuable to compare the obtained models with 

“control” or “baseline” models using the traditional coarse-grained climate data 

to quantify the actual improvement of the SDMs by including microclimate. This 

can help interpreting the role of microclimate in describing and predicting actual 

species distributions. 

Extrapolating microclimate to the future 

The same framework can now be applied to improve our extrapolations of 

microclimate into the future (Fig. 2, Box). Current practice involves downscaling 

approaches to obtain future microclimatic measurements (Davis et al. 2016). 
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Again, statistical methods can be used, linking current downscaled climate, to 

scenarios of climate change (Lenoir et al. 2017). Yet these approaches starting 

from a static climate scenario miss many of the dynamics that can be expected 

from climate change at the smallest scale, like local climatic stability over time, 

the process by which local microclimatic conditions are decoupled from 

macroclimatic fluctuations over time (Keppel et al. 2015, Lenoir et al. 2017). 

The above-mentioned integration of the high temporal resolution of in-situ 

microclimate measurements with the long-term measurements from 

meteorological stations can however be used to reconstruct long-term temporal 

dynamics in the past decades, helping to quantify the role of microclimatic 

processes like the buffering and decoupling effects (Pepin et al. 2011, Joly and 

Gillet 2017, Lenoir et al. 2017). Integrating these dynamic processes in our 

predictions of future (micro)climate will greatly increase the accuracy of our 

predictions of future species distributions under climate change (Wason et al. 

2017). While such an extrapolation should still be treated with uttermost care, 

such an evolution towards hybrid models, in which blind statistical matching gets 

gradually replaced by process-based modelling, is bound to increase our 

knowledge, both of microclimate (change) and the associated species 

distributions. 

6.4. Conclusions 
 

Recent advances in both measuring and modelling techniques have greatly 

enhanced the resolution of the climatic data available for SDMs. In this review, we 

argue that all the necessary techniques are now available to obtain every 

spatiotemporal microclimatic resolution one can wish for, and that even over 

regional and decadal extents. We also note that aiming for very fine 

spatiotemporal microclimatic resolutions at a global extent to inform SDMs is a 

utopian wish, and useless as fine spatiotemporal resolutions of SDMs’ projections 

are most meaningful across spatial extents that matter for conservation biology 

and ecosystem management (e.g. the landscape scale). With the help of statistical 

models to link in-situ microclimate measurements with remote sensing data at 

fine spatial resolutions and synoptic measurements from meteorological stations 

covering several decades, accurate microclimatic data for the past, present and 

the future can be obtained to dynamically model species distributions and 

redistributions at exactly the scale that matters.  
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V.1. Disentangling drivers of plant species range changes in 

mountains 

V.1.1. Disturbance, (micro)climate and the role of humans 
 

It is clear from a growing body of literature that non-natives occur less frequently 

at high than at low elevations (Guo et al. 2018b). Alpine areas are however far 

from free of non-native species, and increasingly less so (Marini et al. 2013, 

Alexander et al. 2016), which is why they provide the ideal case study on the 

drivers of species range changes at their cold-climate limits. Several of the 

possibly critical abiotic, biotic or anthropogenic factors (propagule pressure, 

anthropogenic disturbance, biotic interactions, bio-available nutrients, …) 

however all co-vary along temperature gradients (Körner 2000, Pauchard et al. 

2009), and have all been observed to correlate with the upward spread of plant 

species in cold regions (Marini et al. 2009, Alexander et al. 2011, Pyšek et al. 2011, 

Kalwij et al. 2015). A main goal of this thesis is to shed light on which of these 

local factors is the most critical driver of regional species (re)distributions, with 

upward shifting non-native species as a study case. 

In Chapter 3 and 4, we learned that disturbance is pivotal as a driver of plant 

invasions, even above the current range limits of the studied plant species in 

mountains. Across the whole gradient in both cold-climate experiments, 

disturbance indeed came out as the key component facilitating successful 

establishment and growth. Yet both experiments also highlighted that all 

anthropogenic drivers (i.e. disturbance, nutrient addition and propagule pressure) 

had largely additive effects, and all together strongly facilitated invader success, 

especially towards higher elevations. 

These experimental additive effects, combined with the observed positive effect 

of warmer temperatures along the elevation gradient, and the pivotal role of 

roads for plant species movement shown in Chapters 1 and 2, fuel straightforward 

predictions for the future: increased anthropogenic disturbances in mountains, as 

observed for example in roadsides, in a future with a warming climate will 

significantly speed up the upward movement of non-native (and native) species in 

high elevation environments (Pauchard et al. 2009).  

Despite the clarity of this conclusion, I do identify the need for future research. 

Indeed, for both disturbance and (micro)climate, local-scale phenomena are so far 
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poorly studied, and the exact way in which they operate and interactively affect 

the final realized niche of a species is not yet fully understood. In the following 

sections, I provide some suggestions on how to move this field forward. 

 

V.1.2. The mechanisms behind the disturbance effect 
 

While I undisputedly identified disturbance as the key driver of lowland’s species 

success at higher elevations, there are several biotic and abiotic candidate 

mechanisms through which this disturbance effect can work. In Fig. V.1, I suggest 

a framework to tackle the mechanisms behind the role of disturbance as a pivotal 

driver of upward moving non-native species (and upward moving native species in 

that regard). The framework integrates the knowledge we gathered in all chapters 

of this thesis and applies them to our study region in the northern Scandes, yet 

still requires verification in field conditions. In the next paragraphs, I provide a 

short summary of the expected relationships. 

Abiotic factors 

Both in natural and roadside communities, upward moving non-native (or native) 

plant species will be positively affected by temperature (Chapter 3 and 4), which 

in turn is negatively influenced by elevation (Körner 2003). Disturbance on the 

other hand positively affects temperature in mountain conditions (Chapter 4). 

That positive effect of disturbance on temperature is inevitably expected to be 

stronger in roadsides. Other abiotic (soil) conditions most likely also positively 

affect establishment of the focal species. Nutrient availability for example has 

been shown to be crucial, especially in later life stages (Chapter 3 and 4). Nutrient 

availability itself will most likely be positively affected by disturbance (Müllerová 

et al. 2011), and by the soil microbial community, i.e. mycorrhizae (Theodose and 

Bowman 1997).  
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Figure V.1. Hypothesized role of different drivers on lowland non-native or native species success in natural vegetation (A) and along 
mountain roads (B) in the northern Scandes. Green arrows indicate a predicted positive, red arrows a predicted negative effect from 
one factor on the other. Thicker arrows indicate a presumed strong effect from one factor on the other. Key information on the biotic 
interactions should be derived from an interaction network of the whole community (small square bottom right; with squares 
symbolizing plant species, circles microbes, and the black square the focal plant species). 
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Propagule pressure 

Additional positive effects on our focal species can be expected from a high 

propagule pressure, which relates negatively to elevation (as upward moving 

native and non-native species have a lowland origin), and is much stronger in 

roadsides than in the natural vegetation (Pauchard et al. 2009, Ansong and 

Pickering 2013). 

Biotic interactions 

In the natural vegetation, biotic interactions are expected to have a negative 

effect on focal species success. For plant-plant interactions, this can be linked to 

the expected high competition with the established native vegetation (Chapter 1, 

3 and 4). For plant-microbe interactions, we predict a negative effect of microbes 

in the natural vegetation on focal species success (Fig. V.1). In the northern 

Scandes, a dense cover of ericoid mycorrhizal plant species like Empetrum 

hermaphroditicum provides the dominant understory cover (Tybirk et al. 2000), 

and their associated mycorrhizae are indeed expected to outcompete the 

arbuscular mycorrhizae that are in symbiosis with most upward moving non-

native species in the region (Lembrechts, unpublished data), for example by 

limiting nitrogen availability (Tybirk et al. 2000). 

Disturbance events drastically reduce existing biotic interactions and thus might 

create opportunities for new associations. The effect of a species’ direct neighbor 

is indeed known to be critical for its performance and successful establishment in 

new communities (Milbau et al. 2013, Pollock et al. 2014), while competition is 

known to reduce a species’ realized niche (MacArthur 1984). The disruption of the 

dominant existing mycorrhizal networks, as well as the presence of more 

arbuscular mycorrhizal plant species in mountain roadsides, might facilitate the 

focal species as well (Lembrechts et al., unpublished data).  

In Chapter 5, I showed how biotic interactions change along the gradient, 

switching from competition to facilitation with increasing harshness of 

environmental conditions. Yet I also showed that when describing a switch from 

competition to facilitation, one might overlook that in reality both positive and 

negative interactions occur at the same time, with actually the balance of their 

relative importance shifting along the stress gradient (Callaway and Walker 1997, 

Brooker and Callaghan 1998, Olofsson et al. 1999). 
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The latter got confirmed in an unpublished seed addition experiment (highly 

similar to those in Chapter 3 and 4), designed to test the outcomes of the model 

described in Chapter 5, which we performed along elevational gradients in the 

subarctic mountains of northern Scandinavia (Fig. V.2). In this experiment, we did 

indeed observe after two growing seasons a quadratic relationship between gap 

colonizer success and distance to the edge of the experimental disturbances, 

which provides proof for the statement in chapter 5 that competition and 

facilitation are simultaneously at play in gaps, creating the trade-off with distance 

to the edge as described in the model (see the thesis of Leys 2017 and Chapter 5). 

We also observed a change of this optimum from around 25 cm from the gap 

edge in control plots to over 40 cm from the edge in fertilized plots, indicating a 

shift in the balance in favor of competition when nutrients were added, as this 

resulted in increased growth and thus a competitive advantage of the native 

vegetation surrounding the gaps (Brooker and Callaghan 1998).  

We were however not able to observe a shift from competition to facilitation with 

increasing elevation in the mountains, most likely due to a higher than expected 

level of competition at high elevations. These results are in line with those from 

Chapter 3 and 4 of this thesis, where facilitation was across the whole elevation 

and temperature gradient in the subarctic Scandes subordinate to competition as 

well (Olofsson et al. 1999, Poll et al. 2009, Klanderud 2010, Milbau et al. 2013).  

These results imply that the stress gradient hypothesis – suggesting an increased 

importance of facilitation with increasing abiotic stress – does not hold true along 

the elevation gradient in our subarctic study system. Indeed, the native 

vegetation still kept its competitive advantage against new colonizers, despite the 

obvious reduction in growth rate of the native vegetation with increasing 

elevation (Milbau et al. 2013). Competitive ability is however far from restricted 

to growth rate. In the system we are looking at here – with new species colonizing 

an area with established vegetation, the standing biomass has an important 

competitive advantage on new seedlings. Indeed, even though the alpine dwarf 

shrubs, sedges and mosses are in general slow-growing stress-tolerant species, 

and the studied colonizers are fast-growing competitors, the native vegetation is 

likely to outcompete those newcomers just because they are already there 

(Olofsson et al. 1999).   
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Figure V.2. Modelled non-native species biomass production (g) after two growing seasons against distance to the edge of circular 

experimental disturbances in mountain vegetation at 400 (a), 650 (b) and 900 (c) m a.s.l. across two elevation gradients in the 

subarctic northern Scandes. Experimental disturbance as in Chapter 3 and 4, yet this time in circular gaps with diameters ranging 

from 5 to 90 cm. Results from a linear mixed model for Yarrow (Achilea millefolium L.), Common dandelion (Taraxacum officinale F. H. 

Wigg.), Sweet-vernal grass (Anthoxanthum odoratum L.), and Common bent (Agrostis capillaris L.) with species as a random factor, 

for fertilized (full line, 50 g*m-2 Substral Osmocote slow release fertilizer (N-P-K-Mg 19-9-11-2), evenly spread on the soil surface) and 

unfertilized (dotted line) plots. Raw data not shown for clarity. For more details on experimental methodology, see Leys (2017) 

(master thesis). 
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V.1.3. Microclimate and its interaction with disturbance 
 

Next to the more detailed assessment of local biotic interactions, our knowledge 

of species distributions can increase significantly by taking into account a more 

appropriate temporal and spatial scale of the abiotic conditions experienced by 

organisms. The latter field is rapidly evolving, as summarized in Chapter 6, with 

both increasingly detailed local climatic measurements available (Bramer et al. 

2018), and a wide variety of studies implementing those local climatic 

measurements in SDMs.  

An important step forward however will be to improve our understanding of how 

global climate links to the climate at organism level, to facilitate the creation of 

accurate transfer functions converting one into the other (Lenoir et al. 2017). The 

MIREN network, which currently hosts a large network of soil and air temperature 

loggers along elevation gradients in multiple regions, can play an important role 

here, by providing the necessary calibration and validation data for such transfer 

functions. An important next step in that regard is the quantification of the 

relative importance of different drivers of microclimate (Pincebourde et al. 2016, 

Bramer et al. 2018). Preliminary analyses with data from along three 600 m 

elevation gradients in northern Norway for example showed that annual average 

temperatures are largely driven by elevation, while temperature extremes (e.g. 

average temperatures of the coldest and the warmest quarter of the year) are 

more strongly influenced by land use, i.e. distance to the road in this case, than by 

elevation (Lembrechts et al., unpublished data).  

The latter is visualized in Fig. V.3, showing a year of soil temperature data from a 

roadside and the adjacent natural vegetation in the Norwegian mountains. Notice 

the changes in the growing season length in the roadside compared to the natural 

vegetation, the more extreme warm peaks in summer and the freezing events in 

winter. Altogether, these clear differences between roadside temperatures and 

the natural vegetation (Delgado et al. 2007) suggest an important role of changes 

in microclimate in roadsides on the observed effects of the road on species 

distributions in the previous chapters. These results, combined with the 

theoretical insights from chapter 5 on the highly local variation in abiotic 

conditions within gaps through disturbance effects on biotic interactions, indicate 

the need for an integration of anthropogenic disturbances at different scales into 

assessments of microclimatic conditions (Delgado et al. 2007, Prévost and 

Raymond 2012). The centimeter-scale variation in temperatures within a gap can 

indeed add up to over 10°C on a spring day, as visualized for an experimental 
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grassland gap on the experimental field site at the University of Antwerp, Belgium 

in Fig. V.4. Note that microclimate thus likely played a significant role in driving 

the centimeter-scale differences in establishment success of the mountain gap 

colonizers in Fig. V.2. as well.  

 

 

 

Figure V.3. Soil temperatures (2 cm below the surface, in °C) as measured over a 

period of 1 year for every 1.5 hours with iButtons (DS1922L, Maxim Integrated) in 

roadsides (red) and adjacent natural vegetation (50 m from the road, blue) at 500 

m a.s.l. in the mountains in subarctic Norway (Lembrechts et al., unpublished 

data).  
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Figure V.4. Centimeter-scale variation in daily average temperatures within a circular grassland gap of 40 cm diameter at the 
experimental grassland field site of the University of Antwerp, Belgium, on a cold cloudy day in January (left) and on a sunny day in 
spring in March (right). On the cloudy winter day, open soil in the middle of the gap was on average  3̴°C colder than the surrounding 
grassland vegetation. On a sunny day in spring, the north-eastern site of the gap heated up on average   ̴15°C more than the south-
western part (Lembrechts et al., unpublished data). 
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While the study of microclimate is thus rapidly advancing, most of these advances 

are limited to temperature, with only scattered trials with other microhabitat 

characteristics. There remains a need for wide-scale characterization of other 

microhabitat conditions, especially at the soil level (i.e. soil moisture, nutrient 

availability and pH) (e.g. Njoku et al. 2003, Wilson and Jetz 2016). These factors 

are much harder to obtain than temperature, yet promising results are to be 

expected from different types of remote sensing of a variety of 

microcharacteristics (Kemppinen et al. 2017), as also described in Chapter 6. 

While much of the available remote sensing data in that regard is currently far 

from accurate enough (Wagner et al. 2007, Petropoulos et al. 2015), the field is 

rapidly evolving, and increasing interactions between the remote sensing 

community and ecologists are paving the way for more appropriate tools (e.g. He 

et al. 2015). 

 

V.2. Disturbance in reality: species (re)distributions along mountain 

roads 

 

In this thesis, I not only experimentally show the pivotal role of disturbances for 

plant species distributions in mountains, yet I also showed the real-life effects of 

such disturbances in mountain roadsides. Our data from the northern Scandes 

revealed how these roads change plant species richness and composition, yet 

they also suggest that alpine plant communities react differently to road 

disturbances than their lowland counterparts (Chapter 1). Indeed, plant 

communities in high elevation roadsides differed less from the local natural 

community and contained less competitive and ruderal species than those at 

lower elevations. Additionally, non-native species richness not only correlated 

strongly with elevation, but also with distance to the road (Chapter 1). These 

regional observations of significant differences in plant community composition in 

roadsides imply that several plant species will have a different elevational 

distribution along roadsides. Our data from eight mountain regions in Chapter 2 

support this hypothesis, showing that roadsides serve as corridors for species 

movements and thus trigger range dynamics of both native and non-native 

species into new climatic zones. In this chapter, I indeed showed a difference in 

elevational range edge between roadsides and natural vegetation from on 

average 200 to over 600 m, depending on the elevational origin of the species 

group (Fig. 2.2). 



PART V. Discussion 

179 
 

V.2.1. Heterogeneity and homogenization 
 

One of the surprising results of the observational studies in Chapter 1 and 2 is the 

wide variety of species of which the distribution seems positively influenced by 

roads. The Scandinavian mountain roads of our survey indeed hosted on average 

almost 50% more species than the adjacent natural vegetation, especially in 

lowlands (Fig. 1.2). This positive effect occurred for competitive and ruderal 

species (mostly at low elevations) and stress-tolerant species (at high elevations) 

alike (Fig. 1.5). In the global study in Chapter 2 as well, different species groups 

had broader ranges along mountain roads: lowland non-native and native species 

as well as highland natives. We even observed two contrasting nutrient-related 

patterns, with both species with low and high nitrogen affinity showing broader 

ranges in the roadsides than in the adjacent vegetation. These results suggest 1) 

heterogeneous conditions in roadsides, with variable conditions on a small scale 

being beneficial to species with a wide range of traits (Paiaro et al. 2011) and/or 

2) the effect of recurring disturbance events, which disrupt dominance of a few 

species, creating opportunities for new associations between plants, allowing new 

species to invade and to broaden their realized niche in disturbed sites. 

Even though local (α-)diversity of both native and non-native species thus 

significantly increased in most roadsides, we also observed a reduced spatial turn-

over along the elevation gradient in roadsides. Mountain roads and non-native 

species thus seem to play a significant role in the homogenization of mountain 

vegetation (Kueffer et al. 2013). Indeed, most species occupied wider elevational 

ranges in roadsides (Chapter 2) and their presence in a wider range of plots 

therefore reduced the distinctiveness of these communities. This process is most 

importantly driven by non-native species, which presences correlated most 

strongly with distance to the road (Alexander et al. 2011). The process of non-

native species introductions in mountain roadsides at high elevations might thus 

be increasing the homogenization of high elevation environments (Pauchard and 

Alaback 2004, Chapter 2). This homogenization of mountain vegetation is 

predicted to increase in the future, even beyond mountain roadsides, especially if 

propagule pressure, changes in disturbance regimes (i.e. increases in tourism, 

economy and urbanization) and climate change continue as predicted by global 

models (Pauchard et al. 2009, Petitpierre et al. 2016). 
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V.2.2. Risks for non-native species invasion into the natural vegetation 
 

There is typically a strong decline in non-native species richness and abundance 

away from mountain road edges (Seipel et al. 2012), suggesting that invasion can 

occur beyond roads, yet that there are substantial barriers limiting it from 

happening at a large scale (Pollnac et al. 2012).  In our case study in the northern 

Scandes (Chapter 1), non-native species invasion away from the road was also 

limited, even though the absence of a clear relationship of non-native species in 

the natural vegetation with elevation might suggest a higher invasibility at high 

elevations (Fig. 1.6). The wider ranges of non-native species in roadsides than in 

the natural vegetation in the global dataset (Chapter 2) also hint to a limited 

success of non-native species in the natural vegetation. Currently, however, it is 

not known whether some non-native species are better at establishing away from 

roads than others and, if so, whether particular species or habitat attributes 

predict their invasion success. 

 

In an unpublished study (McDougall et al. 2018), we try to disentangle this knot. 

In that study, we found indications for the operation of two directional ecological 

filters (i.e. on top of the one described by Alexander et al. (2011) across the 

elevation gradient). Species that manage to spread rapidly to high elevations in 

the mountains seem to have traits that are typically associated with invasiveness, 

i.e. those that ensure dispersal across anthropogenic and heterogeneous 

landscapes. These are however not necessarily the traits that are associated with 

invasion success over a short distance into a natural habitat. We thus argue for 

the existence of a second filter provided by the native vegetation a few meters 

from a mountain roadside, which allows only a subset of the road species pool to 

invade (Pollnac and Rew 2014). Generalist species indeed tend to be better at 

invading roadsides along a broad elevational gradient (Chapter 1), yet this trait 

might be less suited for escaping away from the roads (McDougall et al. 2018), 

where competitive-ruderal strategists seem to be overrepresented instead, 

highlighting the importance of resistance to competition and availability of 

resources for successful invasion into natural vegetation. It is this existence of two 

unrelated filters (i.e. the ‘elevation’-filter and the ‘distance to the road’-filter) that 

might have limited levels of invasion in the natural vegetation at high elevations 

up till now. 
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V.2.3. Implications 
 
Mountain roads thus combine several factors that can facilitate range shifts for a 

wide variety of species, making them an important early detection system where 

shifts in species ranges will become apparent first. Roadside communities might 

however be sensitive to short-term population fluctuations, and thus an 

integrated detailed spatial and temporal assessment is needed to quantify their 

actual role in species distribution changes. For native species, they might facilitate 

climate-induced upward range shifts, serve as corridors to facilitate exchange of 

alpine species between adjacent high-elevation mountain sites and even slow 

down the upward retreat of the trailing edge of alpine species under climate 

change. For non-native species, they might provide an ideal pathway into 

currently unoccupied territory, yet the actual potential for these species to invade 

into the natural vegetation at higher elevations might be limited due to the 

existence of two independent directional ecological filters with different selection 

criteria.  

 

V.3. Including local drivers in species distribution models 

 

The abovementioned results reveal an urgent need to give local processes a more 

prominent place in species distribution models (SDMs), in order to solve the 

mismatch between the scale at which environments are measured and species 

operate (Potter et al. 2013). Only then, we can get beyond the implicit assumption 

in traditional SDMs that all organisms within a grid cell experience the same 

coarse abiotic conditions.  

V.3.1. Disturbance 
 

The results in this thesis confirm the growing realization that SDMs ignoring the 

land use component (i.e. roads/ruderal sites vs. natural mountain vegetation) are 

unlikely to result in correct predictions of the actual (re)distribution of species 

(Guo et al. 2018a). The MIREN road survey – sampling plant species distributions 

along roads across large elevation gradients across the globe, as described in 

Chapter 2 – provide us with a unique dataset to show the importance of the latter 

in SDMs (Fig. V.5, Lembrechts et al., unpublished data). 
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For most upward moving (non-native) species, a model of their distribution 

including land use is likely to reduce the (undisturbed) area predicted to be 

occupied by the species, as they occupy a much larger range of environmental 

conditions in roadsides than in the natural vegetation in the mountains (Chapter 

2). In the first place, this suggests that a non-native species’ regional distribution 

might be more significantly driven by land use than by climatic constraints, as 

predicted by our experimental results. It also implies that increasing levels of 

anthropogenic disturbance in the mountains will largely increase the area 

available for colonization by non-native species – likely even much more than a 

warming climate over the current decades would. Indeed, while climate warming 

currently results in upward movement of plant species of several tens of meters 

per decade (Lenoir et al. 2008), increasing disturbances in mountains could rapidly 

unlock hundreds of elevational meters for colonization by these non-native 

species (Chapter 2). Fig. V.5 conceptually shows the difference between the 

realized and the potential distribution: if the species would manage to overcome 

the limitations which are currently constraining it to the roadsides, a large area of 

undisturbed mountain vegetation might potentially become available for 

colonization (the white area in Fig. V.5, left). 

As the realized distribution of non-native species along mountain roads largely 

depends on available propagules, and is currently likely to be in disequilibrium 

(Hattab et al. 2017), future SDMs for non-native species are likely to benefit from 

a dynamic approach, for example using Dynamic Range Models (DRMs, Schurr et 

al. 2012), including both the temporal and spatial variation in non-native species 

distributions. Traditional SDMs indeed are generally correlative and assume 

equilibrium of species ranges with the environment. There are however a number 

of processes which may cause a species’ distribution and the environment to be in 

disequilibrium (i.e., source-sink dynamics, biotic interactions, physiographic 

barriers or time-lags in migration or extinction, Schurr et al. 2012), with many of 

those even more relevant for non-native species. Assuming they are in 

equilibrium is likely to produce biased estimates of species’ current and future 

distributions. DRMs however require distribution data for a longer time frame, 

which is currently not yet widely available for most species distributions. 

Alternative approaches, when time-series data is not available, include the iSDM-

framework (Hattab et al. 2017), which helps distinguishing between the potential 

and realized range of non-native species in their invasive range. This framework 

can be used to deal with the issue of absence data and their actual meaning in the 

case of species that are in disequilibrium with environmental conditions and 

allows one to sort absence data into dispersal-limited absences (which matter for 
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the realized distribution only) and environmental absences (which matter for both 

realized and potential distributions).  

 

 

 

Figure V.5. Predicted current distribution (white = present) of Trifolium repens in 

the Australian Alps based on data from the global MIREN survey (for details on 

sampling protocol, see Chapter 2). Left: SDM based on a model with bioclimatic 

variables only (from Worldclim, Hijmans et al. 2005b). Right: SDM based on a 

model with interaction between the same bioclimatic variables and distance to the 

road. Green and black dots are respectively presence and absence data of T. 

repens from an independent dataset (the Atlas of New South Wales, 

www.environment.nsw.gov.au). Unpublished data, methods available in Roth 

(2016) (master thesis). Note that the modelled distribution of T. repens in the 

Australian Alps did not match their actual realized distribution (AUC ~ 0.6, see 

Roth 2016) due to the concentrated observations of T. repens in alpine meadows 

at high elevations, thus a wider assessment across regions and species is urgently 

needed to move forward from concept to proof.  

 

  

http://www.environment.nsw.gov.au/
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V.3.2. Microclimate 
 

In Chapter 6, I showed the promising way forward to include microclimate into 

SDMs, with several studies on a variety of organisms leading the way. Here, I want 

to highlight one more issue that was touched upon in that chapter: it is important 

to realize that the quest for more detail is not a blind search for endlessly higher 

resolutions. The necessary scale for microclimatic data depends not only on the 

resolution of the species distribution data used for modelling, but also on the 

ecology of the species. For example, in an unpublished case study on 50 common 

native plant species in the northern Scandes, we show how the use of in-situ 

climate (hourly soil temperature data measured in the year preceding the plant 

survey) significantly improved the descriptive power of regional SDMs (Fig. V.6a), 

yet also that the increase in model performance was much stronger when using 

in-situ temperature data (for 2 out of 4 datasets significantly so) for perennial 

forbs than for (dwarf)shrubs. The latter indicates that shrubs and dwarfshrubs 

might react much less to temperature variation with a small spatiotemporal 

resolution than perennial forbs. 

V.3.3. Biotic interactions 
 

Our results also indicate the role of species interactions in driving a species’ 

success at the centimeter scale. The effect of a species’ direct neighbor is indeed 

known to be critical for its performance and successful establishment in new 

communities (Milbau et al. 2013, Pollock et al. 2014), while competition is known 

to reduce a species’ realized niche (MacArthur 1984) and thus limits its success in 

certain areas. While biotic interactions thus are likely to affect regional species 

distributions, SDMs rarely include such a level of detail. Recent studies have been 

trying to integrate the two study levels, for example through the use of Joint 

Species Distribution Modelling (Pollock et al. 2014, Tikhonov et al. 2017). These 

extensions to the regular SDM-framework allow to assess how strongly a plant 

species’ local realized niche is defined by the interaction between its abiotic niche 

(defined by microclimate and local soil conditions) and the biotic (positive, 

negative or neutral) interactions with other species, either plants or other 

organisms like soil microbes. I suggest this as an important step forward from the 

standard abiotic approach to species distribution modeling that fail to integrate 

the biotic environment sufficiently (Guisan and Thuiller 2005, le Roux et al. 2013, 

Tikhonov et al. 2017).  
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Figure V.6. (a) Explanatory power (R²) of descriptive species distribution models 

including different types of climate data for 50 common plant species in subarctic 

Sweden and Norway (a) and the difference in explanatory power between models 

using in-situ soil temperature vs. the different other climatic datasets for perennial 

forbs (P) and (dwarf)shrubs (S) (b-e). Used datasets: CHELSA (1 km², Karger et al. 

2017), topographically downscaled CHELSA (50 x 50 m², Lembrechts et al., 

unpublished), in-situ soil temperature measurements using iButtons, EuroLST 

(Land Surface Temperature, 250 x 250 m², Metz et al. 2014) and Worldclim (1 km², 

Hijmans et al. 2005b). 
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V.3.4. Conclusions  
 

It is thus clear that for biotic, abiotic and anthropogenic drivers of regional plant 

species distributions, the local scale is key. Even though an integration of this local 

scale into models of a species’ distribution significantly complicates the story, 

recent developments in methodology ensure rapid advances and increased 

possibilities. By combining advanced measuring techniques and in situ 

measurements to improve our knowledge of the mechanisms driving invasions, 

we can evolve towards process-based models, which ultimately describe a 

species’ distribution more on knowledge of its ecology than on purely statistical 

correlations. The increasing availability of long-term data for both the response 

variable (i.e. repeated species distribution surveys) and the independent variables 

(i.e. time series of environmental conditions through long-term satellite-based 

remote sensing, He et al. 2015) also help moving towards more dynamic 

modelling of species distributions, allowing the modelling of much-needed 

disequilibria in species distributions.  

 

V.4. Final words and lessons for the future 
 

Altogether, this thesis provides additional proof that anthropogenic effects on the 

realized distribution of plant species surpass those of climate, even in cold-climate 

mountains, where climatic limitations where thought to be overriding all other 

drivers. Anthropogenic land use and local-scale disturbances indeed not only 

affect the possibilities for a species to reach new environments, they also change 

the biotic interactions with the local community, and interact strongly with local 

climate, even on a scale of centimeters. These variations might easily exceed 

large-scale climatic trends along elevation gradients, and therefore turned out 

crucial as drivers of regional distribution changes. Nevertheless, disturbance and 

land use have been largely understudied compared to abiotic conditions as drivers 

of species distributions (Mod et al. 2016). With this study I hope to help changing 

that for the better.  

Given this key role of anthropogenic disturbances on both local success and 

regional species distributions, I want to emphasize here once again the crucial role 

humans play in plant species reshuffling in mountains, both directly through the 

role of humans in the movement of propagules, and indirectly through the effects 
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of human pressures on local and regional land use and climate (change). The 

future of mountain vegetation worldwide will thus be strongly shaped by the 

combination of both anthropogenic climate and land use change (Guo et al. 

2018a). Based on the results of this thesis, we can predict such a future with 

increasing temperatures and human presence in the mountains to result in 

increased reshuffling of the mountain vegetation (Pauchard et al. 2009). This 

reshuffling will inevitably come with a wide range of negative and positive effects 

on mountain plant species, with mountain communities unlikely to ever look the 

same again. The resulting ‘novel ecosystems’ (with species occurring in 

combinations and relative abundances that have not occurred previously within a 

given biome, Hobbs et al. 2006) require significant revision of conservation and 

restoration practices to replace the traditional focus on existing or historical 

assemblages (Hobbs et al. 2009, Pecl et al. 2017). 

From a management perspective, it is critical to realize that current and future 

changes in species distributions are inevitable, and that management should not 

be designed to fight them indefinitely, in a vain attempt to preserve – or return to 

- the historic situation. With climate and land use change happening at the pace 

they do, it is crucial for biodiversity conservation to invest maximally in 

opportunities for species to deal with these changes. Such a conservation 

approach ideally invests in the two main options organisms have to deal with 

change: adapt, or move (Graae et al. 2017). On the one hand, this thus means the 

conservation and possible expansion of pristine, undisturbed areas, where species 

have the time and place to adapt to the changing climate. Such an approach 

involves trying to concentrate human presence in the mountains to constrained 

areas, and prevent key biodiversity hotspots from being flooded by tourists, or 

being exploited for economic purposes. The latter is true on a large scale (e.g. 

conserving pristine regions), yet also on a smaller scale (e.g. informing tourists to 

stay on trails). Only in such areas where disturbance is kept to a minimum, one 

can increase the possibility for the vegetation to adapt to the inevitably changing 

climate at its own pace. However, in the ever-more-fragmented world of today, 

conservation should additionally invest strongly in connectivity: when adaptation 

is impossible, species need to be able to move to areas of suitable conditions. 

Therefore they need corridors and stepping stones to connect the remaining 

natural fragments. In that regard, the role of mountain roads for vegetation is 

two-fold. On the one hand, they locally disturb the native vegetation, creating 

conditions less suitable for many of the dominant mountain plant species. Yet on 

the other hand, such anthropogenic disturbances in the mountains could also 

provide opportunities. Indeed, heterogeneity of the environment can help 
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mountain vegetation to cope with the changing climate (cf. microrefugia, 

Dobrowski 2011). In this thesis I described how disturbances like mountain roads 

can increase this heterogeneity of the mountain vegetation, possibly providing 

plant species with additional holdouts against climate change (albeit perhaps 

rather unstable ones, see chapter 2), or corridors towards such holdouts. It should 

thus be clear that roadside management in mountains to aim for a stand-still and 

prevent plant species from moving along them should not be a management 

priority. On the other hand, it is key to invest our limited resources for 

conservation in attempts to prevent further disturbances from happening in 

currently pristine areas, and connecting them in ways relevant to a variety of 

species. 

One remaining question is to which degree the underlying results can be applied 

to other species groups than plants. It is clear that disturbance as studied here will 

affect animals differently than it does plants. As mobile organisms, animals will 

react less strongly to small-scale physical disturbances than plants do. Other 

species groups often experience the micro-environment at largely different scales, 

obscuring extrapolation of my results beyond plants. Nevertheless, I do see 

parallels in the larger conclusion that local-scale drivers affect regional 

distributions. For example, many animal species are negatively (or positively) 

affected by roads in their distribution and spread (Forman et al. 2003), while 

microclimate has also been shown to be critical for a variety of animals, for 

example creating holdouts against changing climate (e.g. Ashcroft et al. 2014, 

Hodgson et al. 2015, Suggitt et al. 2015). It will thus be – and has been shown –

rewarding to include the improved data availability at the local scale, e.g. through 

remote sensing, in distribution assessments of non-plant taxa as well, although 

care should always be taken to adapt the resolution of a study to the scale 

relevant to the studied organism.  

In conclusion, it is important to improve our perception of global change effects 

on species distributions, by including an additional dimension of local change and 

heterogeneity in abiotic, biotic and anthropogenic conditions. Small-scale 

processes are likely to tell us a largely different story than we have currently been 

deriving from coarse-scaled patterns, yet we are in need for more and better 

accurate data on local conditions and mechanisms that actually matter for 

organisms. Recent methodological advances are rapidly providing new 

opportunities and insights, however, and I truly hope this thesis can provide a 

significant contribution in this regard.    
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Supplementary material 
 

Chapter 1 
 

Table S1.1. Status of selected non-native species from different sources. 

Species names Origin A B C D E F 

Achillea millefolium Europe     1980 >1600 

Aegopodium podagraria Eurasia <1800 X X <1700 1900 >1600 

Agrostis capillaris Europe REG     >1600 

Anthoxanthum odoratum Europe   X   >1900 

Festuca pratensis Europe   X <1700 1950  

Phleum pratense ssp. 
pratense 

Eur., Sib., <1800 X X <1700 1990 >1900 

Picea abies Europe     1950 >1900 

Plantago major Eurasia  X  <1700 1900 >1600 

Poa annua Europe  X X <1700  >1600 

Poa pratensis ssp. 
pratensis 

Europe  X  <1700  >1900 

Stellaria graminea Eurasia   X 1871   

Tanacetum vulgare Eurasia  X    >1900 

Taraxacum officinale Europe  X  1990   

Trifolium pratense Europe  X  <1700  >1600 

Trifolium repens Europe  X X <1700  >1600 

Vicia cracca Circumpolar   X 1770   

A –(Gederaas et al. 2012). Norwegian Black List 2012. Species are treated as aliens if 
introduced in Norway by humans after 1800. However, an additional table is provided on 
species introduced by humans before this date.  
B –(Gederaas et al. 2007). Norwegian Black List 2007. Species are treated as aliens if they 
are introduced in Norway by humans without any delimitation in time.  
C – (DAISIE 2014) DAISIE. The European dataset on alien species. 
D – (Weidema 2000) Weidema et al. 2000 shows species introduced by humans in Norway, 
with a date of first introduction.  
E – (GBIF 2013) GBIF. A database with georeferenced species occurrence data over a 
period from before 1900 to now. Species patterns can be followed over years and the first 
recording in the northern third of Norway was marked. If a species was not found in the 
region before a certain time, it indicates that it was only introduced recently as alien. If 
occurrence data for northern Norway were already available from before 1900, no value is 
displayed in the table. 



 

217 
 

F – Expert advice from Torbjørn Alm, University of Tromsø, distinguishing two types of 
aliens: those that are introduced only recently in the northern part of Norway (> 1900) and 
those that were introduced by humans in the lowlands earlier (>1600), but that only 
started invading the mountains recently. 

Chapter 2 
 

Methods S2.1 

Models used in model selection for individual regional generalised linear mixed 
models (GLMMs). 

m1<-glmer(Occurrence~1 + (1| Road),family=binomial)  

m2<-glmer(Occurrence ~Elevation + (1|Road),family=binomial) 

m3<-glmer(Occurrence ~ Elevation +I(Elevation ^2) + (1| Road),family=binomial) 

m4<-glmer(Occurrence ~Distance + (1| Road),family=binomial) 

m5<-glmer(Occurrence ~ Elevation * Distance + (1| Road),family=binomial) 

m6<-glmer(Occurrence ~ Elevation * Distance +I(Elevation ^2) + (1| 
Road),family=binomial) 

m7<-glmer(Occurrence ~( Elevation +I(Elevation ^2))* Distance + (1| 
Road),family=binomial) 

The function aictab was used to rank all 7 models for every species, and only the 
one with the lowest AIC was withhold. If this model was one without the 
interaction with Distance (m1-4), species movement was not significant and the 
species was not included in the dataset.  

m5: 

If the first ranked model was m5, the species had a linear binomial response to 
elevation. The range edge (EDG) was then defined as the inflection point of the 
Gaussian linear logit model. Differences in this range edge were calculated as the 
difference between the range edge in the roadside and adjacent plots: 

b0 = intercept: cf. “road”  
b1 = elevation  
b2 = distance “adjacent” 
b3 = elevation:distance “adjacent”  

Equation for distance “roadside” 
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Logit(Occurrence) = b0 + b1*Elevation 

Equation for distance “adjacent” 

Logit(Occurrence) = (b0+b2) + (b1+b3)*Elevation  

 

EDGroad =  −
b0

b1
  EDGfar = −

b0 +  b2

b1 +  b3
 

  

If the first ranked model was m6 or m7, the species had a quadratic binomial 
response to elevation. Optimum and amplitude of their range were then defined 
as follows: 

m6: 

b0 = intercept: cf. “road”  
b1 = elevation  
b2 = elevation² 
b3 = distance “adjacent”  
b4 = elevation:distance “adjacent”  

Equation for distance “roadside” 

Logit(Occurrence) = b0 + b1*Elevation +b2*Elevation² 

Equation for distance “adjacent” 

Logit(Occurrence) = b0+b3) + (b1+b4)*Elevation + b2*Elevation² 

 

OPTroad =  −
b1

2b2
  AMProad =  

1

√−2b2

 

OPTadjacent =  −
b1 + b4

2b2
  AMPadjacent =  

1

√−2b2

 

m7: 

b0 = intercept: cf. “road”  
b1 = elevation  
b2 = elevation² 
b3 = distance “adjacent”  
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b4 = elevation:distance “adjacent”  
b5 = elevation²:distance “adjacent 

Equation for distance “roadside” 

Logit(Occurrence) = b0 + b1*Elevation + b2*Elevation² 

Equation for distance “adjacent” 

Logit(Occurrence) = (b0+b3) + (b1+b4)*Elevation + (b2+b5)*Elevation² 

 

OPTroad =  −
b1

2b2
  AMProad =  

1

√−2b2

 

OPTadjacent =  −
b1 + b4

2(b2+ b5)
  AMPadjacent =  

1

√−2(b2+ b5)
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Chapter 3 
 

Table S3.1. Estimates and P-values for all experimental factors and significant two-way interactions for the models with the best fit for the 
different invader success measures, against elevation (m a.s.l.): ‘survival’ after the second growing season (binomial GLMM),  ‘biomass’ of 
established invaders after the second growing season (LMM with log transformation) and probability of production of ‘flowers’  of established 
invaders after the second growing season (binomial GLMM). For the interactions, only the first four letters of each variable are written. 
Interactions marked with ‘-‘ were not included in the final model. Significant variables and interactions are marked in bold. AIC, R² of fixed effects 
and R² of the full model are shown at the bottom of the table.  

 Survival Biomass Flowers 

 Estimate P Estimate P Estimate P 

(Intercept) -3.78 <0.001 -5.64 <0.001 -10.03 <0.001 
Elevation² -0.64 0.028 - - -0.92 0.046 
Elevation -1.09 0.028 -0.73 0.002 -3.63 0.006 
DisturbanceYES 2.50 <0.001 0.89 0.006 3.39 <0.001 
NutrientsYES 0.13 0.384 0.14 0.359 2.31 <0.001 
PropagulesLOW -0.55 <0.001 -0.77 <0.001 - - 
RegionSWE 2.13 <0.001 0.06 0.897 1.85 0.060 

Elev²:DistYES -0.29 0.001 - - - - 
Elev: DistYES -0.36 0.006 -0.66 <0.001 - - 
Elev:NutrYES - - 0.34 0.002 - - 
Elev:PropLOW -0.22 0.011 - - - - 
Elev:RegiSWE 2.96 <0.001 0.81 0.004 3.99 0.014 
DistYES:NutrYES - - 1.16 <0.001 - - 
DistYES:PropLOW -0.42 0.017 - - - - 
DistYES:RegiSWE -0.64 0.030 1.04 0.006 - - 
NutrYES:RegiSWE -0.36 0.044 - - - - 
PropLOW:RegiSWE - - - - - - 

AIC 4268.6  5128.8  638.1  
Fixed R²  0.2877  0.3095  0.0306  
Full R²  0.5559  0.5217  0.5388  
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Table S3.2. Estimates and P-values for all experimental factors and significant two-way interactions for the beyond optimal models for the 

different invader success measures, against elevation (m a.s.l.): ‘survival’ after the second growing season (binomial GLMM), ‘biomass’ of 

established invaders after the second growing season (LMM with log transformation) and probability of production of ‘flowers’  of established 

invaders after the second growing season (binomial GLMM). For the interactions, only the first four letters of each variable are written. Significant 

variables and interactions are marked in bold. AIC, R² of fixed effects and R² of the full model are shown at the bottom of the table. 

 Establishment Biomass Flowers 

 Estimate P Estimate P Estimate P 

(Intercept) -3.95 <0.001 -5.27 <0.001 -10.30 0.117 
Elevation² -0.45 0.219 0.11 0.744 -0.70 0.558 
Elevation -0.86 0.151 -0.24 0.758 -4.75 0.063 
DisturbanceYES 2.69 <0.001 0.81 0.046 4.18 0.516 
NutrientsYES 0.34 0.178 -0.35 0.334 1.36 0.457 
PropagulesLOW -0.58 0.028 -0.90 0.012 -1.60 0.368 
RegionSWE 2.28 <0.001 -0.18 0.731 2.56 0.706 

Elev²:DistYES -0.30 <0.001 0.03 0.806 -0.92 0.347 
Elev²:NutrYES 0.05 0.514 0.10 0.287 0.88 0.035 
Elev²:PropLOW -0.07 0.413 -0.09 0.328 -0.06 0.804 
Elev²: RegiSWE -0.37 0.527 -0.67 0.137 -0.58 0.518 
Elev: DistYES -0.35 0.009 -0.68 <0.001 -0.40 0.793 
Elev:NutrYES 0.10 0.392 0.23 0.131 2.08 0.043 
Elev:PropLOW -0.27 0.024 -0.33 0.022 -0.27 0.580 
Elev:RegiSWE 2.94 <0.001 0.81 0.327 4.00 0.039 
DistYES:NutrYES -0.24 0.170 1.20 <0.001 0.82 0.609 
DistYES:PropLOW -0.42 0.019 0.05 0.820 1.54 0.310 
DistYES:RegiSWE -0.71 0.017 1.09 0.008 -0.56 0.933 
NutrYES:PropLOW 0.01 0.944 -0.19 0.356 -0.17 0.784 
NutrYES:RegiSWE -0.56 0.025 0.60 0.097 0.35 0.716 
PropLOW:RegiSWE 0.14 0.575 0.35 0.313 -0.27 0.768 

AIC 4277.9  5151.5  644.9  
R² fixed 0.2681  0.3173  0.2870  
R² all 0.5504  0.5310  0.6456  
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Table S3.3. Estimates and P-values for all experimental factors and significant two-way interactions for the models with the best fit 

for the different invader success measures, against Growing Degree Days (GDD,°C days): ‘survival’ after the second growing season 

(binomial GLMM), ‘biomass’ of established invaders after the second growing season (LMM with log transformation) and probability 

of production of ‘flowers’ of established invaders after the second growing season (binomial GLMM). For the interactions, only the 

first four letters of each variable are written. Interactions marked with ‘-‘ were not included in the final model. Significant variables 

and interactions are marked in bold. AIC, R² of fixed effects and R² of the full model are shown at the bottom of the table. 

 Survival2 Biomass Flowers 

 Estimate P Estimate P Estimate P 

(Intercept) -3.74 <0.001 -5.07 <0.001 -7.62 <0.001 
GDD² -0.05 0.827 - - - - 
GDD 0.05 0.891 0.25 0.407 0.50 0.392 
DisturbanceYES 2.28 <0.001 0.64 0.286 3.40 <0.001 
NutrientsYES 0.14 0.338 -0.55 0.055 -0.86 0.476 
PropagulesLOW -0.63 <0.001 -0.75 <0.001 - - 
RegionSWE 2.83 <0.001 -0.32 0.671 -1.14 0.409 

GDD²:DistYES -0.43 0.004 - - - - 
GDD: DistYES 0.83 <0.001 0.74 0.016 - - 
GDD:NutrYES - - - - 1.37 0.049 
DistYES:NutrYES - - 1.16 <0.001 - - 
DistYES:PropLOW -0.36 0.038 - - - - 
DistYES:RegiSWE - - 1.38 0.063 - - 
NutrYES:RegiSWE -0.37 0.039 0.88 0.001 4.40 0.007 

AIC 4285.7  5027.1  629.7  
Fixed R²  0.2693  0.2924  0.0930  
Full R² 0.5547  0.5220  0.9438  
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Table S3.4. Estimates and P-values for all experimental factors and significant two-way interactions for the beyond optimal models for the different invader success 
measures, against Growing Degree Days (GDD,°C days): ‘survival’ after the second growing season (binomial GLMM), ‘biomass’ of established invaders after the 
second growing season (LMM with log transformation) and probability of production of ‘flowers’ of established invaders after the second growing season (binomial 
GLMM). For the interactions, only the first four letters of each variable are written. Significant variables and interactions are marked in bold. AIC, R² of fixed effects 
and R² of the full model are shown at the bottom. 

 Establishment Biomass Flowers 

 Estimate P Estimate P Estimate P 

(Intercept) -3.88 <0.001 -4.98 <0.001 -9.98 0.272 
GDD² -0.68 0.171 0.08 0.862 1.12 0.417 
GDD 0.95 0.309 0.02 0.988 0.08 0.982 
DisturbanceYES 2.14 <0.001 0.61 0.380 6.46 0.433 
NutrientsYES 0.27 0.365 -0.87 0.116 -0.45 0.828 
PropagulesLOW -0.70 0.023 -0.45 0.402 -2.38 0.290 
RegionSWE 3.07 0.079 -0.21 0.853 3.64 0.695 

GDD²:DistYES -0.38 0.017 0.10 0.525 -0.83 0.486 
GDD²:NutrYES 0.02 0.869 0.06 0.646 0.55 0.290 
GDD²:PropLOW -0.04 0.788 -0.13 0.328 -0.41 0.334 
GDD²: RegiSWE 1.75 0.460 2.02 0.273 1.94 0.608 
GDD: DistYES 1.01 <0.001 0.53 0.145 -0.74 0.772 
GDD:NutrYES 0.03 0.918 0.14 0.689 -0.38 0.804 
GDD:PropLOW 0.30 0.261 0.12 0.719 1.41 0.277 
GDD:RegiSWE 0.31 0.938 2.03 0.391 5.72 0.234 
DistYES:NutrYES -0.25 0.160 1.15 <0.001 1.12 0.462 
DistYES:PropLOW -0.42 0.018 0.10 0.628 1.87 0.253 
DistYES:RegiSWE 0.44 0.405 1.26 0.119 -4.10 0.643 
NutrYES:PropLOW 0.00 0.978 -0.22 0.295 -0.74 0.259 
NutrYES:RegiSWE -0.36 0.442 1.34 0.044 2.36 0.252 
PropLOW:RegiSWE 0.31 0.509 -0.17 0.793 1.32 0.487 

AIC 4298.4  5050.2  647.0  
R² fixed 0.2681  0.2945  0.1234  
R² all 0.5504  0.5220  0.9296  
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Table S3.5. Estimates and P-values for all experimental factors and significant two-way interactions for the models with the best fit 
for the different invader success measures, against plot productivity (g/m²): ‘survival’ after the second growing season (binomial 
GLMM), ‘biomass’ of established invaders after the second growing season (LMM with log transformation) and probability of 
production of ‘flowers’ of established invaders after the second growing season (binomial GLMM). For the interactions, only the first 
four letters of each variable are written. Significant variables and interactions are marked in bold. AIC, R² of fixed effects and R² of the 
full model are shown at the bottom of the table. 

 

 Establishment Biomass Flowers 

 Estimate P Estimate P Estimate P 

(Intercept) -1.44 <0.001 -2.93 <0.001 -9.50 <0.001 
Productivity² - - - - - - 
Productivity 0.19 0.221 -0.23 0.056 0.97 <0.001 
NutrientsYES 0.22 0.255 0.69 0.009 3.87 <0.001 
PropagulesLOW -1.04 <0.001 -0.77 <0.001 - - 
RegionSWE 2.01 <0.001 -1.18 0.102 -1.20 <0.001 
Prod²: RegiSWE - - - - - - 
Prod:NutrYES -0.33 0.058 - - -1.25 0.006 
Prod:RegiSWE - - - - - - 
NutrYES:RegiSWE -0.81 0.007 0.93 0.003 - - 
PropLOW:RegiSWE - - - - - - 

AIC 2715.8  3631.1  576.3  
R² fixed 0.1404  0.0986  0.1099  
R² all 0.5109  0.5067  0.9308  
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Table S3.6. Estimates and P-values for all experimental factors and significant two-way interactions for the beyond optimal models 

for the different invader success measures, against plot productivity (g/m²): ‘survival’ after the second growing season (binomial 

GLMM), ‘biomass’ of established invaders after the second growing season (LMM with log transformation) and probability of 

production of ‘flowers’ of established invaders after the second growing season (binomial GLMM). For the interactions, only the first 

four letters of each variable are written. Significant variables and interactions are marked in bold. AIC, R² of fixed effects and R² of the 

full model are shown at the bottom of the table. 

 Establishment Biomass Flowers 

 Estimate P Estimate P Estimate P 

(Intercept) -2.02 <0.001 -2.73 <0.001 -33.33 0.002 
Productivity² -0.01 0.198 0.03 0.822 9.15 0.084 
Productivity 0.16 0.087 -0.52 0.225 -28.88 0.116 
NutrientsYES 0.50 0.303 0.67 0.099 20.28 0.094 
PropagulesLOW -0.80 0.028 -1.04 0.001 -5.06 0.638 
RegionSWE 2.33 <0.001 -0.73 0.372 -47.39 0.028 
Prod²:NutrYES 0.00 0.518 0.10 0.480 -6.46 0.194 
Prod²:PropLOW 0.00 0.787 0.02 0.901 -7.15 0.084 
Prod²: RegiSWE -0.00 0.883 -1.20 0.001 -95.19 0.097 
Prod:NutrYES -0.11 0.297 -0.14 0.793 16.72 0.376 
Prod:PropLOW -0.05 0.533 0.19 0.670 33.49 0.058 
Prod:RegiSWE 0.01 0.942 0.84 0.159 -89.95 0.007 
NutrYES:PropLOW 0.11 0.613 -0.28 0.360 -15.97 0.137 
NutrYES:RegiSWE -0.89 0.041 0.78 0.243 20.45 0.331 
PropLOW:RegiSWE -0.25 0.463 0.49 0.334 29.59 0.101 

AIC 2730.1  3644.3  516.1  
R² fixed 0.1433  0.1098  0.2751  
R² all 0.5154  0.5309  0.5392  
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Table S3.7. Variance partitioning for optimal models for invader establishment and biomass production against elevation. Fixed and 
Full R² are shown for the full model and sub-models with all variables separately and models with specific variables excluded. Based 
on the Fixed R², the variance percentage is calculated for the model with only the specific variable (‘factor’), for the model without 
that focal variable (‘other’), and shared variance (‘shared’). 

 Establishment Biomass 

 Fixed R² Full R²  Fixed R² Full R²  

Full model 0.2877 0.5559  0.3095 0.5217  
No elevation 0.2633 0.5510  0.2457 0.5237  
Elevation 0.0431 0.3715  0.0777 0.2655  
No dist 0.1631 0.4250  0.1351 0.3259  
Disturbance 0.0801 0.4867  0.1726 0.4355  
No nutrients 0.2839 0.5515  0.2627 0.4673  
Nutrients 0.0004 0.3858  0.0333 0.3138  
No prop 0.2711 0.5252  0.2879 0.4879  
Prop 0.0256 0.4171  0.0215 0.3104  
No region 0.1783 0.5340  0.3039 0.5298  
Region 0.1094 0.3873  0.0181 0.2747  
 Factor 

(%) 
Shared (%) Others 

(%) 
Factor (%) Shared (%) Others 

(%) 
Elevation 8.48 6.50 85.02 20.61 4.49 74.89 
Disturbance 43.31 -15.47 72.16 56.35 -0.58 44.23 
Nutrients 1.32 -1.18 99.86 15.12 -4.36 89.24 
Prop press 5.77 3.13 91.10 6.98 -0.03 93.05 
Region 38.03 0 61.97 1.81 4.04 94.15 
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Table S3.8. Variance partitioning for optimal models for invader establishment and biomass production against Growing Degree Days 
(GDD). Fixed and Full R² are shown for the full model and sub-models with all variables separately and models with specific variables 
excluded. Based on the Fixed R², the variance percentage is calculated for the model with only the specific variable (‘factor’), for the 
model without that focal variable (‘other’), and shared variance (‘shared’).  

 

 Establishment Biomass 

 Fixed R² Full R²  Fixed R² Full R²  

Full model 0.2693 0.5547  0.2924 0.5220  
No GDD 0.2149 0.5235  0.2680 0.5285  
GDD 0.0207 0.4540  0.0885 0.2655  
No dist 0.1621 0.4524  0.1393 0.3329  
Disturbance 0.0800 0.4867  0.1798 0.4316  
No nutrients 0.2689 0.5526  0.2485 0.4644  
Nutrients 0.0004 0.3858  0.0333 0.3003  
No prop 0.2495 0.5253  0.2723 0.4891  
Prop 0.0256 0.4171  0.0215 0.2887  
No region 0.2104 0.5230  0.2857 0.5226  
Region 0.1094 0.3873  0.0335 0.2454  
 Factor 

(%) 
Shared (%) Others 

(%) 
Factor (%) Shared (%) Others 

(%) 
GDD 20.20 -12.51 92.31 8.34 21.92 69.73 
Disturbance 39.81 -10.10 70.29 52.36 9.13 38.51 
Nutrients 0.15 0 99.85 15.01 -3.63 88.61 
Prop press 7.35 2.15 90.49 6.87 0.48 92.65 
Region 21.87 18.75 59.38 2.29 9.17 88.54 
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Table S3.9. Variance partitioning for optimal models for invader establishment and biomass production against plot productivity. 
Fixed and Full R² are shown for the full model and sub-models with all variables separately and models with specific variables 
excluded. Based on the Fixed R², the variance percentage is calculated for the model with only the specific variable (‘factor’), for the 
model without that focal variable (‘other’), and shared variance (‘shared’).  

 

 Establishment Biomass 

 Fixed R² Full R²  Fixed R² Full R²  

Full model 0.1404 0.5109  0.0986 0.5067  
No prod 0.2721 0.5346  0.0952 0.4899  
Productivity 0.0017 0.4336  0.0044 0.3472  
No dist - -  - -  
Disturbance - -  - -  
No nutrients 0.1363 0.5027  0.0316 0.3941  
Nutrients 0.0016 0.4545  0.0632 0.4399  
No prop 0.0994 0.4504  0.0786 0.4667  
Prop 0.0393 0.5215  0.0198 0.3973  
No region 0.0424 0.5006  0.0862 0.5014  
Region 0.0961 0.4513  0.0101 0.3692  
 Factor 

(%) 
Shared (%) Others (%) Factor (%) Shared (%) Others (%) 

Productivity -93.80 95.01 98.79 3.45 1.01 95.54 
Disturbance - - - - - - 
Nutrients 2.92 -1.78 98.86 67.95 -3.85 35.90 
Prop press 29.20 -1.21 72.01 79.82 7.51 12.58 
Region 69.80 -1.35 31.55 12.58 -2.33 89.76 
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Table S3.10. Characteristics of the six elevation gradients, including region, location, the range from the minimum to the maximal 
elevation of the plots and the orientation of the slope. 

Region Coordinates Elevation (m a.s.l.) Orientation 

Chile S 53° 9’ W 71° 1’ 12 – 620 SE 
Chile S 53° 31’ W 71° 4’ 41 – 457 SE 
Chile S 53° 9’ W 71° 1’ 12 – 561 SE 
Sweden N 68° 25’ E 18° 21’ 455 – 915 N 
Sweden N 68° 21’ E 18° 44’ 393 – 881 E 
Sweden N 68° 18’ E 19° 9’ 430 – 863 N 
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Figure S3.1. Graphical representation of the best models for growing degree days 
of the second growing season based on soil temperature (A) and plot productivity 
(B) against elevation. Different lines represent different treatments: Chile (red) 
versus Sweden (black). In (A): disturbed (full line) versus undisturbed (dashed line) 
and in (B) added nutrients (full line) versus no added nutrients (dashed line). Black 
dots represent the raw data. 
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Chapter 4 
 

Figure S4.1. Boxplots of the original biomass data 
for all species combined (a and h) and every 
species separately (b-g and i-n) for every 
treatment: north (N, grey to black) versus south 
(S, yellow to red); undisturbed (U, two lightest 
shades) versus disturbed (D, two darkest shades); 
not fertilised (N, shade 1 and 3) versus fertilised 
(F, shade 2 and 4); low propagule pressure (top 
row) versus high propagule pressure (bottom 
row). The six studied species are: Agrostis 
capillaris (Ac), Alchemilla millefolia (Am), 
Anthoxanthum odoratum (Ao), Medicago lupulina 
(Ml), Taraxacum officinale (To) and Trifolium 
repens (Tr). Number of subplots with established 
individuals at the end of the second growing 
season (n, out of 12 subplots per species per 
treatment and 72 per treatment in total) 
underneath each boxplot. Total n=288.
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Table S4.1. P-values from a TukeyHSD post-hoc test on an ANOVA for the 
differences in cumulative growing degree days (GDD) between the different 
mountains (1 and 2), aspects (north (N) and south (S)) and disturbance treatments 
(disturbed (D) and undisturbed (U)), as shown in Fig. 2. n = 48 

 1-N-U 1-S-D 1-S-U 2-N-D 2-N-U 2-S-D 2-S-U 

1-N-D 0.0560 <0.0001 <0.0001 0.0276 0.0458 0.0010 0.0003 

1-N-U - <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

1-S-D - - 0.3655 <0.0001 <0.0001 0.0010 0.0035 

1-S-U - - - 0.0198 0.0115 0.2683 0.5159 

2-N-D - - - - 1.0000 0.9388 0.7510 

2-N-U - - - - - 0.8695 0.6269 

2-S-D - - - - - - 0.9998 
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Table S4.2. Estimates for all experimental factors and interactions, as well as degrees of freedom (df), AICc, ΔAICc and model weight for all models 
for invader establishment (top, n = 1152) and invader biomass (bottom, n = 287) along the gradient of cumulative growing degree days (GDD, see 
Fig. 3 and 5A) and biomass of the native vegetation (plot productivity or standing biomass, Biom, see Fig. 3 and 5B). D = disturbance, N = nutrients, 
P = propagule pressure 

(Int) GDD D N P GDD:D D:N Biom Biom:D Df AICc ΔAICc weight 

-1.870 - 1.503 - 0.791 - - -0.574 2.003 9 1151.7 0.00 0.445 

-1.760 - 1.654 -0.214 0.793 - - -0.587 2.216 10 1152.0 0.30 0.384 

-1.745 - 1.606 -0.238 0.800 - 0.041 -0.590 2.194 11 1154.1 2.38 0.135 

-1.865 - 0.013 - 0.783 - - -0.543 - 8 1157.8 6.11 0.021 

-1.808 - 0.009 -0.106 0.783 - - -0.547 - 9 1159.4 7.69 0.010 

-1.752 - -0.010 -0.209 0.785 - 0.184 -0.558 - 10 1161.1 9.40 0.004 

-2.171 0.340 0.739 - 0.777 -0.323 - - - 9 1165.9 14.25 0.000 

-2.184 0.175 0.721 - 0.774 - - - - 8 1167.6 15.96 0.000 

-2.133 0.342 0.747 -0.085 0.780 -0.326 - - - 10 1167.7 15.98 0.000 

-2.172 - 0.783 -0.079 0.772 - - - - 8 1169.4 17.68 0.000 

-2.152 0.174 0.725 -0.069 0.776 - - - - 9 1169.4 17.77 0.000 

-2.126 0.340 0.737 -0.092 0.777 -0.326 0.010 - - 11 1169.7 18.02 0.000 

-2.165 - 0.770 -0.093 0.772 - 0.025 - - 9 1171.4 19.70 0.000 

-1.419 - - - - - - -0.531 - 6 1178.5 26.81 0.000 

-1.369 0.303 - - - - - - - 6 1207.2 55.56 0.000 

-1.355 - - - - - - - - 5 1212.1 60.38 0.000 

-0.625 0.296 0.394 0.212 0.268 -0.169 0.377 - - 12 761.8 0.00 0.310 

-0.639 0.187 0.384 0.211 0.278 - 0.397 - - 11 761.9 0.09 0.295 

-0.735 0.298 0.582 0.440 0.263 -0.183 - - - 11 762.9 1.11 0.178 

-0.757 0.181 0.583 0.452 0.274 - - - - 10 763.3 1.57 0.141 

-0.677 - 0.443 0.212 0.306 - 0.360 - - 10 767.0 5.28 0.022 

-0.558 - 0.252 0.195 0.303 - 0.391 -0.110 - 11 767.6 5.87 0.016 

-0.782 - 0.621 0.432 0.302 - - - - 9 767.8 6.08 0.015 

-0.690 - 0.475 0.433 0.298 - - -0.092 - 10 768.9 7.15 0.009 

-0.554 - 0.445 0.191 0.299 - 0.363 -0.118 0.313 12 769.0 7.23 0.008 

-0.674 - 0.706 0.406 0.294 - - -0.102 0.405 11 769.7 7.96 0.006 

0.005 - - - - - - -0.270 - 7 793.9 32.16 0.000 
-0.004 0.217 - - - - - - - 7 806.9 45.17 0.000 

0.004 - - - - - - - - 6 814.0 52.22 0.000 
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Table S4.3. Estimates for all experimental factors and interactions for the average of the best species-specific models (ΔAICc < 2) for 
invader establishment (top) and invader biomass (bottom) along the gradient of cumulative growing degree days (GDD) and biomass 
of the native vegetation (plot productivity or standing biomass, NatBiomass). Variables not included in the best model were displayed 
with the “-“ symbol. D = disturbance, N = nutrients, P = propagule pressure. The six studied species are: Agrostis capillaris (Ac), 
Alchemilla millefolia (Am), Anthoxanthum odoratum (Ao), Medicago lupulina (Ml), Taraxacum officinale (To) and Trifolium repens 
(Tr). 

Species (Int) GDD D N P GDD:D D:N Biom Biom:D n 

Ml 0.717 - 3.703 -0.154 0.347 - - -1.182 6.086 187 

To -0.970 - 3.014 -0.107 1.304 - - -0.292 3.948 188 

Am -2.729 0.195 0.493 0.088 1.602 -0.326 0.4367 -0.027 - 188 

Ao -1.908 - - - - - - -1.170 - 188 

Ac -4.801 -0.044 1.884 -4.959 1.418 - 4.564 -0.011 - 188 

Tr -2.850 - - - - - - -0.324 - 188 

Ml -0.538 0.273 0.559 0.021 0.398 - - - - 110 

To -0.429 0.219 0.538 0.090 0.175 - 0.856 -0.291 1.250 81 

Am 0.001 - - - - - - -0.327 - 39 

Ao -1.407 - 0.907 0.780 0.475 - 0.462 - - 34 

Ac 0.006 - - - - - - - - 14 

Tr 0.000 -0.608 - - - - - - - 10 
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Chapter 5 
 

 

Figure S5.1. A. Intrinsic coloniser survival (S) as a function of minimum environmental temperature (T) for a species with a range of 
50% survival temperatures: T50 = -4°C till -8°C. B-D. Realised coloniser survival as a function of distance to the gap edge for gaps of 
100 cm diameter. B: T50 = -5°C, C: T50 = -6°C, D: T50 = -7°C with dC = dF = 20 cm, T = -8°C and ΔTf = 3°C. E. Intrinsic coloniser survival (S) 
as a function of minimum environmental temperature (T) for a species with T50 = -6°C and the correction factor a varying from 0.25 to 
2. F-G. Realised coloniser survival as a function of distance to the gap edge for gaps of 100 cm diameter with a = 0.5 (F), 1 (G) or 2 
(H).  
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Figure S5.2. Realised coloniser survival as a function of distance to the gap edge for gaps of 100 cm diameter with varying ΔTf 
ranging from 1 to 5°C. dC = dF = 20 cm, T = -8°C, T50 = -6°C. 


