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i 

Summary 

 

Background and Objectives 

Climate change and its expected impacts on ecosystems are among the ecological research 

topics that demand the most urgent attention. Plant invasions are regarded as a part of global 

change, which in turn will be affected by a changing climate.  

We are aware that climate change will influence individual plant performance, and thus translate 

into community and ecosystem processes. Changes in average temperatures during the 

dormant and the growing seasons will have an effect on the timing of a plant’s life-cycle and a 

plant’s fitness. An earlier start of the growing season is anticipated to increase the exposure to 

spring frost events. An increased frequency and intensity of climatic extremes will influence 

survival, fitness, and reproduction of species. These changes will affect local communities and, 

in relation to changed competitive abilities of co-occurring species, might lead to changes in 

local abundance, occurrence, and finally species’ range shifts or extinctions.  

The focus of this thesis is to assess possible responses of invasive and native species to 

different facets of climate change. Special emphasis is placed on the influence of competition, 

seasonal aspects, and climate variability. This cumulative thesis encompasses five publications, 

which contribute to the following main questions: 

 How will invasive plant species respond to changes in winter and spring temperatures 

and climatic variability? 

 Will changes in competitive ability influence invasion processes with climate change?  

 Do the seasonal/temporal niches of native and invasive species differ, and is this 

relevant?   

 

Methods 

To address these questions, mainly experimental studies were conducted.  

This thesis used climate chamber experiments to assess the possible influence of climate 

change on the spring phenology of 36 native and invasive woody species. Twigs, harvested at 

three different dates during winter, were kept in water bottles under three different day lengths, 

and their spring development until budburst was observed (twig method). Thus, a factorial 

setting investigated the effects of shortened winter conditions (chilling) and photoperiod on the 

time needed until budburst (expressed as thermal time / forcing requirement).  

A second study was conducted to assess the influence of air humidity on the spring phenology 

of eleven woody species. The study used the twig method in climate chambers with contrasting 

air humidities to assess the influence of this factor on the timing of budburst. A further 

experiment, using bare twigs (without water supply from the vascular tissue) under high air 

humidity assessed the influence of foliar water uptake.   
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A greenhouse experiment (third study) addressed the question of how climate extremes 

influence the performance of three native and three invasive herb species. The species were 

exposed to a sequence of frost, drought, and water-logging in five intensities. The climatic 

stresses were applied to two life-history stages (seedling and adult), and to plants exposed to 

mild or strong competition.  

The triggers of elevational range limits of the native and two invasive balsam species in a mid-

mountain range, the Bavarian Forest, were studied by a combination of a field experiment and 

trait measurements in the field (fourth study). While the trait measurements in natural 

populations focused on possible plastic responses and/or adaptations to elevation, the 

experiment studied germination, establishment and reproduction at four elevations. Balsams 

were sown with or without co-occurring native species to assess possible influences of 

competition. 

The fifth study used a dataset of understorey species from the same mountain area to analyse 

community assembly rules, functional traits, and current environmental niches of the species to 

estimate the vulnerability of native species to climate change. The dataset encompassed 330 

vegetation relevés and plot-specific environmental data, mainly on soil and climate. In total 24 

plant functional traits, together with phylogenetic information of the species were analysed. 

Wherever feasible, experiments were combined with field observations, and long-term climate 

or other environmental data were used to put the results into context. 

 

Results 

The first study showed that the spring phenology of woody species is less influenced by day 

length than previously thought – although effects of day length were detected for one third of the 

species, these were rather marginal. However, reduced chilling lengths delayed budburst 

markedly for almost all species, with pronounced species-specific differences. In comparison to 

climax species, pioneer as well as invasive species showed rather short chilling and small 

forcing requirements. This suggests that they will be able to react more flexibly to warming 

spring temperatures with climate change. Invasive species, on average, showed a comparable 

spring phenology to native species, which is not the case for ornamental, non-invasive woody 

species. Thus, an optimal timing of spring development might be a prerequisite for 

establishment success of woody species in a new range. The chronology of budburst among 

species changed considerably with chilling length. This suggests that warmer winters will have 

pronounced and species-specific impacts on the acquisition of light in early spring, which is 

likely to influence the fitness of individual species. The chronology of budburst on the other 

hand was highly comparable between the longest chilling treatment and field observations, 

which shows that the twig method is adequate to study the spring phenology of woody species. 

Bud development patterns during this experiment indicated that air humidity is an additional, so 

far overlooked, factor influencing the spring phenology of woody species. These initial 

observations were confirmed by the results of the second study. Budburst occurred earlier 

under conditions with higher air humidity. Furthermore, bare twigs (without water supply from 

the vascular tissue) were able to develop to budburst under high air humidity, and a pronounced 

gain in fresh weight during the course of the experiment suggested that foliar water uptake 
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occurred. A re-calculation of the data obtained by the first study showed that a discrepancy 

between experiment and field budburst dates existed when calculated based on temperature. 

This discrepancy was considerably reduced for calculations based on absolute air humidity. 

Analysis of long-term climate data showed that the increase in air humidity is a reliable signal of 

spring. A literature search with respect to water supply and water related changes during winter 

dormancy and spring development revealed that moisture might be a limiting factor for 

developing buds. The results led to the question of whether, rather than temperature itself, the 

closely correlated absolute air humidity might be the primary influence for the spring 

development of woody species. 

In the third study, invasive herb species showed no overall better resistance to climatic stress 

events than comparable native species. Differences between the congeneric or confamilial 

native and invasive species were absent or negligible with respect to mortality rates, biomass 

reduction, and flowering rate. However, the timing of the stress events was highly influential, 

and seedlings were more vulnerable than adults. Individuals also responded more strongly to 

the treatments when grown in competition. This shows that experiments on climatic stress 

events using adult individuals grown alone might not capture important responses. However, 

the response of invasive species to climatic stress did not differ from that of native species for 

differing life-history stages or in competition. Thus, the study did not support the idea that an 

increase in climatic extremes with climate change will favour invasive species due to a higher 

homeostasis or tolerance to stress. 

The trait measurements in the fourth study among natural populations of the three balsam 

species along the elevational gradient in the Bavarian Forest led to contradictory results. While 

clear differences between the species were detected (especially with respect to size and frost 

sensitivity), overall little response to elevation was found. However, the response of plant size to 

elevation differed among species, and invasive species decreased more in size than the native 

congener. Equally, the phenological development of the native balsam was also least flexible 

with elevation. However, these higher trait plasticities of invasive species do not translate into 

higher fitness. The field experiment showed that all species germinated well above their actual 

elevational limits, and competition was not important. Establishment and reproduction seemed 

to be limiting factors. Low frost tolerances, simultaneous germination, and lack of a seed bank 

likely restrict both invasive species, and invasive himalayan balsam furthermore might not be 

able to reproduce every year due to the late start of flowering. Thus, both invasive species will 

be challenged by an increased exposure to spring frost events with climate change, while 

himalayan balsam might profit from higher growing season temperatures.  

Analysis of the vegetation relevés along the elevational gradient (fifth study) in the same area 

showed that the native understorey communities are mainly influenced by growing season 

mean temperatures and tree cover. While high elevation species show adaptations that assist 

reproduction under unstable or short summer conditions, they show several traits that likely will 

be unfavourable with an increase of competitive pressure. However, there is no indication that 

the abundance or number of other understorey species restricts the high-elevation species, thus 

light-limitation triggered by the tree layer seems to be most important. Thus, an upward shift of 

the tree layer with climate change will pose a particularly serious threat. About one third of the 
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native understorey species seems to be vulnerable to climate change, no matter whether the 

current temperature or tree cover niche are considered.  

 

Conclusions 

To conclude, this thesis compiles somewhat contradicting results to the question of whether 

invasive species might profit from climate change. On the one hand, a more flexible spring 

development is expected to favour invasive woody species, and might give them competitive 

advantage over native woody species. For the invasive herb species, we found no support for 

the idea that they show a higher resistance to climatic extreme events. With respect to possible 

elevational range shifts, a highly nuanced interplay of frost resistance and germination, or frost 

resistance and reproduction seems to be important for invasive balsam species. Thus, they 

might profit from climate change, but to a lesser extent than anticipated by mean temperature 

increases.  

Nevertheless, several results indicate that the interplay of phenology or development stage and 

climate variability will be especially important. The seasonal and temporal niches of invasive 

and native species differ, and these differences probably will translate into differing responses 

with respect to climate change. However, so far temporal aspects have been underestimated 

and should be included more rigorously in future research.  
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1 Introduction  

1.1 Climate change, competition and plant invasions 

Evidence for ongoing climate change is abundant and unequivocal (IPCC, 2007; IPCC, 2013). 

Numerous reviews compiled information on ongoing changes in biotic systems attributable to 

global warming (Walther et al., 2002; Root et al., 2003; Parmesan & Yohe, 2003; Rosenzweig et 

al., 2008; Bellard et al., 2012). Yet, assessment, quantification and prediction of the impacts of 

climate change, as well as the search for adaptation strategies, remain among the most 

challenging research topics to date. 

Invasions of non-native plant species pose serious threats to agriculture, forestry, human 

health, and the economy (Pimentel et al., 2001; Colautti et al., 2006a; Vilà et al., 2010; EEA, 

2012). In total, the amount of economic losses due to invasive species (plants, fungi, and 

animals) in the European Union is estimated to equal at least € 12 billion annually (EEA, 2012). 

Nevertheless, problems in Europe so far are smaller compared to other parts of the world, e.g. 

US$ 120 billion (Pimentel et al., 2005). Invasions impact ecosystem functioning and services 

(Traveset & Richardson, 2006; Pejchar & Mooney, 2009; Vilà et al., 2010; Strayer, 2012), and 

pose threats to native biodiversity (Vilà et al., 2011; Pyšek et al., 2012; Gilbert & Levine, 2013). 

Nevertheless, earlier studies (Wilcove et al., 1998) likely overestimated the importance of 

invasions on species extinctions (Gurevitch & Padilla, 2004).  

Indeed, plant invasions are seen as a part of human-induced global change (Vitousek et al., 

1997; Mack et al., 2000), and the link between both topics is close. For example, recent 

definitions of “invasive species” account for predicted future range expansions of native species, 

and thus include climate change aspects (Webber & Scott, 2012). Nevertheless, cross-

references between invasion and global change biology were minimal at least until 2005 (Davis 

et al., 2005), and thus more research is needed to assess possible influences of climate change 

on invasions (Richardson & Pyšek, 2008; Hellmann et al., 2008; Bradley et al., 2010). 

1.1.1 Facets of climate change  

With global warming, increases in minimum, maximum, and mean temperatures are predicted 

(IPCC, 2013). While increased maximum temperatures might reach values above the optimum 

for biosynthesis, and lead to increased transpiration losses and heat stress, so far assessments 

for Central Europe expect an increase in heat waves to be especially important in natural 

ecosystems (IPCC, 2014; Kovats et al., 2014). Increasing minimum temperatures and warmer 

winters are anticipated to influence plants considerably, e.g. via species individual absolute frost 

tolerances, increased winter transpiration, changed snow cover, and increased survival of 

herbivores or pests (Kovats et al., 2014). Furthermore, increasing temperatures are expected to 

prolong the growing season (Chapter 1.2).  

This already relates to another important facet of climate change: changes in temperature 

seasonality and variability. A higher frequency and intensity of temperature extremes are 

predicted with climate change (IPCC, 2013), which are known to influence plants heavily 
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(Easterling et al., 2000; Jentsch et al., 2007; Zimmermann et al., 2009; Smith, 2011; Reyer et 

al., 2013).  

Moreover, changed precipitation patterns are predicted (IPCC, 2013), and an increased 

frequency and severity of summer droughts might also limit plant growth, favour drought-

resistant species, or favour species with early life-cycle completion. An increase in the number 

and intensity of heavy precipitation and flood events (Huntington, 2006; Min et al., 2011; Kovats 

et al., 2014) will particularly challenge ecosystems in flood basins, or on steep slopes, but will 

also facilitate the spread of water-dispersed species. An increased frequency and intensity of 

winter storms in Central Europe (Kovats et al., 2014) is likely to cause damage in forest 

ecosystems (Schelhaas et al., 2003; Lindner et al., 2010), but will equally contribute to an 

increase in dispersal distances for wind-transported seed. Given that many plant species are 

rather poor long-distance dispersers (Cain et al., 2000; Malcolm et al., 2002; IPCC, 2014), such 

extreme events are of high importance for range shifts, and thus will influence native and 

invasive species dispersal distances in the future (Higgins & Richardson, 1999; Cain et al., 

2000; Nathan, 2006; Reyer et al., 2013).  

Amongst other impacts, fertilisation effects and changes in water use efficiency are anticipated 

with increasing CO2 levels. Moreover, changes in light quality due to changes in cloud cover, or 

changes in air humidity are also likely to influence plant species under climate change. Due to 

multiple changes of several environmental factors, anticipated species-specific responses, and 

known and unknown feedback-loops, reliable predictions are hard to attain.  

Overall, we expect whole ecosystems, and related to this also large-scale ecosystem 

processes, to respond to some facets of climate change, e.g. changes in growing season 

lengths, or upward and poleward shifts of the tree line. At the finer species scale, the most 

common notion is that with climate change, we expect species to adapt, migrate or go extinct 

(Holt, 1990; Aitken et al., 2008; IPCC, 2014). Generally, species’ ability to adapt relates to the 

breadth of their environmental niche, as well as to their plasticity, which includes aspects of fast 

adaptation or genetic acclimatisation to new conditions. It also relates to species’ ability to grow 

and reproduce under changed climate conditions, and to cope with changes in biotic 

interactions. 

1.1.2 Competitive ability of plant species and climate change 

The competitive ability of species is a major factor governing establishment success, growth, 

reproductive output, and thus abundance, persistence and distribution of plant species (Grime, 

1979; Levine et al., 2004; Maestre et al., 2005; Brooker, 2006). However, the absolute 

importance of species interactions for large-scale processes is still under debate (Ricklefs, 

2008; Brooker et al., 2009). The importance of biotic interactions itself is anticipated to change 

with environmental conditions, known as stress-gradient hypothesis of competition (Bertness & 

Callaway, 1994; Choler et al., 2001; Maestre et al., 2009; He et al., 2013). Together with niche 

differences, the individual competitive ability of species, in relation to the competitive ability of 

co-occurring plant species within a given community, foster coexistence or competitive 

exclusion (Mayfield & Levine, 2010). The competitive background each individual is facing 

usually is thought to be a matrix of the competitive abilities of all co-occurring species, named 
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the “biotic interaction milieu” (McGill et al., 2006), although it has also been supposed that the 

dominant species, directly neighbouring species (Trinder et al., 2013), or most similar species 

(Kraft et al., 2007; Thuiller et al., 2010) are most important.  

The competitive ability of a species is context-sensitive, and shaped by different, flexible or 

inflexible traits and processes within a given environment. Thus, the competitive ability of a 

species has to be considered as highly flexible in several dimensions (Choler et al., 2001; 

Daehler, 2003; Walther et al., 2009; He et al., 2013):  

Niche response: The performance and competitive ability of each species is highest close to its 

optimum growing conditions (Ellenberg, 1953; McGill et al., 2006) with respect to e.g. water, 

nutrients, temperature, and is supposed to decrease with distance from this optimum.  

Stress response: The decrease in competitive ability with increasingly unfavourable conditions 

is not uniform. Often, a higher homeostasis can be found within species of intermediate or low 

optimum competitive ability, while species with very high competitive abilities at optimum 

growing conditions might tolerate stress least (He et al., 2010). 

Temporal response: Different development stages of plants differ in competitive ability (Foster & 

Gross, 1997; Mangla et al., 2011). Often, plants in early developmental stages are less 

competitive than adults, which can at least partly be explained by size-dependent aspects of 

competition (Gaudet & Keddy, 1988; Schwinning & Weiner, 1998; Bennett et al., 2013). Thus, 

both priority effects during establishment, and the individual development stage of competing 

species can be (Wilsey et al., 2015), but are not necessarily (Cleland et al., 2015) decisive. Not 

only development stages or individual age, but also the individual seasonal shape of species, 

e.g. differing length and timing of the growing seasons, is relevant for competitiveness (Willis et 

al., 2008; Augspurger, 2008; Chuine, 2010; Cleland et al., 2012). 

A high competitive ability is often related to plant functional traits allowing fast growth, e.g. high 

seed mass, low specific leaf area, and large plant size (Gaudet & Keddy, 1988). However, the 

influence of traits themselves are only valid given a certain environmental setting. Herbs or 

grasses profit from all these effects in habitats with regular high disturbance regimes, whereas 

tree species, with much lower initial growth rates and high investment in permanent tissue, 

ultimately are more competitive in non-disturbed habitats. Climate change will influence the 

growing conditions of plants, and will show species-specific impacts on the competitive abilities 

due to niche, stress, and temporal dependence. Moreover, singular climatic events will influence 

the competitive ability due to its stress dependence, while the timing of singular events will 

influence the competitive ability via its temporal dependence. 

1.1.3 Influence of competition on plant invasions 

Not surprisingly, competitive ability was supposed to play a major role in the success of invasive 

species early on (Elton, 1958; Richardson & Pyšek, 2008; Gioria & Osborne, 2014). Indeed, 

many of the main hypotheses on plant invasions still relate to competition (Table 1), and either 

take the competitive ability of invasive species into account (competitiveness), or relate to the 

competitive ability of native communities repelling or hindering invasions (biotic resistance, 

invasibility). Overall, it is believed that biotic resistance can act as both invasion barrier, thus 



INTRODUCTION 

4 

hindering invasion, and regulator of invasive species’ success, e.g. limiting growth, 

reproduction, dispersal, and impact (Levine et al., 2004). 

 

Table 1:  Main hypotheses on plant invasions with direct or indirect relation to competition 

Many of the mentioned hypotheses are also known with slightly differing sub-hypotheses, or under 
different names (Jeschke, 2014). The table is not a complete list of hypotheses on plant invasions, but 
rather gives an overview of the most widely known or discussed hypotheses. Comp: indicates whether 
competition is of direct or indirect importance to the hypothesis; Topic: indicates whether the hypothesis 
relates to invasiveness (as a trait of invasive species), invasibility (as a trait of recipient communities), or 
both. Expectation with climate change: ~ no general trend expected or known; - possibly disadvantageous 
for invasive species; + possibly advantageous for invasive species.  

Hypotheses Explanation 

C
om

p
 

T
op

ic
 expectation with changes in 

climatic means climatic variability 

Competitive 
Traits 

“Ideal 
Weed” 

Invasive species are more competitive than 
average native species, which is related to 
high growth rates, size, and rapid resource-
allocation (Elton, 1958; Rejmánek & 
Richardson, 1996; Daehler, 2003; van 
Kleunen et al., 2010b). 

di
re

ct
 

in
va

si
ve

ne
ss

 

~ 

- trade-offs (e.g. 
size vs. stress 

resistance) 

+ fast recovery 

Novel 
Weapons 

Invasive species show new traits, e.g. new 
chemical compounds like allelopathic 
substances, increasing the competitiveness 
of the invasive species, and decreasing 
competitiveness of native species 
(Callaway & Ridenour, 2004; Hierro et al., 
2005).  

di
re

ct
 

in
va

si
ve

ne
ss

 

~ ~ 

Trait 
Plasticity 

Invasive species show a higher trait 
plasticity, which might lead to competitive 
advantage (Daehler, 2003; Davidson et al., 
2011). in

di
re

ct
 

in
va

si
ve

ne
ss

 

+ fast 
adaptation 

(phenotypic or 
genetic) 

+ fast adaptation 

- trade-offs (e.g. 
size vs. stress 

resistance) 

Broad 
Environ-
mental 
Niche 

Invasive species show a broader 
environmental niche (Rejmánek, 1996; 
Dukes & Mooney, 1999; Hellmann et al., 
2008), which should lead to higher 
competitive ability under many 
environmental conditions. 

in
di

re
ct

 

in
va

si
ve

ne
ss

 

+ + 

Profiteers 
of 

disturbance 

High dispersal ability allows invasive 
species to invade rapidly into disturbed 
sites, and thus leads to relief of competition 
(Sher & Hyatt, 1999; Hood & Naiman, 
2000; Colautti et al., 2006b). 

in
di

re
ct

 

in
va

si
ve

ne
ss

 

+ rapid range 
changes 
possible 

+ rapid reach of 
damaged or 

disturbed habitats

Differing 
Temporal 

Niche 
“Window of 
Opportu-

nity” 

Invasive species show differing temporal 
niches, and thus profit from a temporal 
relief of competition, e.g. longer growing 
season in autumn (Shea & Chesson, 2002; 
Fridley, 2012).  

in
di

re
ct

 

bo
th

 + if temporal 
niche is more 

flexible 

+ if temporal 
niche is more 

flexible 

- if higher 
exposure to 

spring or autumn 
frosts 
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Hypotheses Explanation 

C
om

p
 

T
op

ic
 expectation with changes in 

climatic means climatic variability 

Fluctuating-
Resource 

Invasive species react more flexibly to 
fluctuating resources, and thus the 
competitive ability increases temporarily. 
Invasive species take up newly emerging 
resources, or use fluctuating resources 
more efficiently (Sher & Hyatt, 1999; Davis 
et al., 2000; Colautti et al., 2006b).  

in
di

re
ct

 

bo
th

 

~ 

+ increase in 
resource 

availability after 
climatic extremes 

Enemy-
Release 

Release of enemies such as herbivores in 
the non-native range leads to higher 
biomass, leading to higher competitive 
ability (Maron & Vilà, 2001; Keane & 
Crawley, 2002; Colautti et al., 2004).   

in
di

re
ct

 

bo
th

 

- decline in 
specialised 
enemies of 

natives 

~ 

Release of enemies allows allocation of 
more resources to competitively 
advantageous traits, e.g. higher growth 
rates (Blossey & Nötzold, 1995; Callaway & 
Ridenour, 2004). 

~ 
- trade-off with 
large plant size 

+ faster recovery 

Native species have more enemies, and 
more specialised enemies, and thus suffer 
more strongly from enemies, and thus 
show a reduced competitive ability (Colautti 
et al., 2004; Eppinga et al., 2006).   

- decline in 
specialised 
enemies of 

natives 

~ 

Biodiversity
-Invasibility 

Native diversity increases biotic resistance. 
More diverse communities are less prone 
to invasions (Elton, 1958; Levine & 
D'Antonio, 1999). 

di
re

ct
 

in
va

si
bi

lit
y + reduced 

biotic 
resistance with 
loss of native 

species 

+ reduced biotic 
resistance with 
loss of native 

species 

Invasional 
Meltdown 

Native communities get destabilised by the 
presence of invasive species, and thus are 
less resistant to further invasions 
(Simberloff, 2006).   in

di
re

ct
 

in
va

si
bi

lit
y 

+ accelerated + accelerated 

Invasibility-
Related-

ness 

Darwin’s 
Naturalis-

ation 

Competition strength increases with 
relatedness, thus less closely related 
invasive species face smaller competition 
than more closely related natives 
(MacArthur & Levins, 1967; Richardson et 
al., 2000; Webb et al., 2002).  

di
re

ct
 

in
va

si
bi

lit
y 

~ ~ 

 

To conclude, competition by either invasive species, recipient communities, or both is 

anticipated to be of high relevance for invasion success. However, as discussed earlier 

(Chapter 1.1), and as shown in Table 1, both parameters are expected to change with climate 

change, and are highly flexible with respect to environmental conditions, seasonality, and 

timing.  

1.1.4 Climate change and plant invasions 

Plant invasions show a distinct global latitudinal pattern, with generally small numbers of 

invasive species in the tropics, an increase towards intermediate latitudes (Pyšek & Richardson, 

2006), and a sharp drop off towards the highest latitudes (Lockwood et al., 2007). Mirroring the 

decreasing number of invasive species at high latitudes, the amount and abundance of invasive 
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species also globally decrease with elevation (Pyšek et al., 2002; Becker et al., 2005; 

McDougall et al., 2005; McDougall et al., 2011; Marini et al., 2013).  

However, a growing number of invasive species, increasing invaded areas, and invasions at 

high latitudes and elevations, as well as increasing impacts have been observed since the 

1970s (Lockwood et al., 2007). The upward shift of invasive species to higher elevations 

(Pauchard et al., 2009), and the poleward shift of invasive species (Clements & Ditommaso, 

2011), recently even to Antarctic environments (Frenot et al., 2005) suggest that ongoing 

climate change contributes considerably to this trend (Becker et al., 2005; Pauchard et al., 

2009; Walther et al., 2009). Generally, climate change is anticipated to ease several stages of 

the invasion process (Figure 1). 

 

 

Figure 1:  Stages of the invasion process.  

Status: Alien status could be further divided into synanthropic, casual, and naturalised. The relevant 
barriers during the invasion process follow Richardson et al. (2000). The expected influence of climate 
change roughly follows Hellmann et al. (2008) and Theoharides & Dukes (2007). Other traits and 
processes are more important during earlier stages (e.g. attraction or usefulness of species to humans, 
propagule pressure), which are not shown.  

 

We expect new and possibly invasive species to arrive due to changed transport routes (e.g. 

the North-East-Passage for species unintentionally transported in ballast water or containers), 

or due to novel introductions with adaptations of agriculture, forestry, and horticulture to climate 

change (Hellmann et al., 2008; Walther et al., 2009). However, several theoretical 

considerations (Table 1) support the idea that invasive species might also profit directly or 

indirectly from climate change in later stages of the invasion process (Dukes & Mooney, 1999; 

Thuiller et al., 2007; Vilà et al., 2007; Theoharides & Dukes, 2007; Hellmann et al., 2008; Diez 

et al., 2012). 

Three basic assumptions principally lead to this expectation: niche of species, biotic 

interactions, and dispersal ability. 
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 Fundamental niche and trait plasticity 

The literature supposes that invasive species have broader ecological niches than native 

species (Dukes & Mooney, 1999; Richardson et al., 2000; Vilà et al., 2007; Theoharides & 

Dukes, 2007; Hellmann et al., 2008). Among the pool of invasive species, more generalists, and 

fewer specialists occur (Dukes & Mooney, 1999; Theoharides & Dukes, 2007).  

Whether fuelled by multiple introductions from formerly allopatric source populations, 

hybridisation, or rapid genetic drifts in the new range (Lambrinos, 2004; Whitney & Gabler, 

2008; Clements & Ditommaso, 2011; Moles et al., 2012; Alexander, 2013; Moran & Alexander, 

2014), invasive species seem to overcome genetic bottlenecks. Invasive species can occupy 

broader climatic niches in the new range than in the native range (Broennimann et al., 2007; 

Webber et al., 2012), although this is under debate (Petitpierre et al., 2012). However, a broad 

environmental niche in the native range also seems to be a prerequisite for successful invasions 

abroad (Richardson et al., 2000; Vilà et al., 2007; Pyšek & Richardson, 2007; Pyšek et al., 

2009b; Pyšek et al., 2015), and the ability to occur in many different habitats in the native range 

partly explains the success in the invasive range (Rejmánek, 1996; Rejmánek, 2000). In line 

with this, invasive species are known to generally show a high phenotypic plasticity (Daehler, 

2003; Davidson et al., 2011), although this is not unequivocal (Theoharides & Dukes, 2007; 

Godoy et al., 2011; Palacio-Lopez & Gianoli, 2011). It is not yet resolved whether high plasticity 

is a decisive trait per se, or if the aspects of rapid acclimatisation or evolution contribute to this 

(Lambrinos, 2004; Vilà et al., 2007; Whitney & Gabler, 2008; Hellmann et al., 2008; Bradley et 

al., 2010; Clements & Ditommaso, 2011; Alexander, 2013). A fast adaptation to new 

environments seems to be one possible factor for the success of invasive species, which might 

relate to rather short generation times (Rejmánek, 1996; Hellmann et al., 2008; Bradley et al., 

2010). 

Many alien species of the British Isles seem to originate from warmer climates (Hulme, 2009), 

and thus a pre-adaptation to warmer temperatures has to be assumed. Moreover, the spread of 

many invasive species is known to be temperature limited (Richardson & Bond, 1991; Beerling, 

1993; Willis & Hulme, 2002; Vilà et al., 2007), and experiments reveal that at least some 

invasive species perform better under increased temperatures (Verlinden & Nijs, 2010). Thus, 

invasive species might profit from increases in temperature directly, or might profit with respect 

to broad niches and higher trait plasticity. 

 Biotic interactions 

Native species are thought to be adapted ideally to present state conditions (Thuiller et al., 

2007; Hellmann et al., 2008), hence a decrease in competitive ability of native species with 

climate change is generally assumed. A reduced competitiveness of native species will reduce 

biotic resistance and thus will indirectly promote invasions (Thuiller et al., 2007; Hellmann et al., 

2008; Diez et al., 2012). Taken to the extreme, climate change might drive native species out of 

optimal growing conditions, but invasive species into optimal conditions. Experiments show that 

native species became less productive and competitive, and invasive species showed 

homeostasis at higher temperatures (Verlinden & Nijs, 2010), during heat waves (White et al., 

2001), or droughts (Collinge et al., 2011; Jimenez et al., 2011; Mason et al., 2012). Native 
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species are more often involved in highly specialised biotic interactions (e.g. with pollinators), 

which are supposed to be highly vulnerable under changing conditions (Hellmann et al., 2008). 

Invasive species are less involved, or lack highly specialised interactions, and hence are less 

vulnerable to diverging life-cycles, or decrease in abundance of the relevant interaction partner 

with climate change (Vilà et al., 2007; Hellmann et al., 2008).  

Generally, a destabilisation of present ecosystems due to loss of climax species, and an 

increment of early successional species (Dukes & Mooney, 1999) might also favour invasive 

species, which often are pioneer species. Most invasive species are generalists, which will be 

favoured in comparison to more specialised native species (Dukes & Mooney, 1999; 

Theoharides & Dukes, 2007). Changes in present communities are anticipated to create empty 

niches prone to invasion, or more drastically, the creation of novel ecosystems (Hobbs et al., 

2009) is expected. Invasive species are able to invade novel environments (Bradley et al., 

2010). 

Thus, the impacts of climate change on invasive species might be mediated via reduced 

performance and competitive ability of native communities (Brooker, 2006). 

 Dispersal 

Although results for many other traits are ambiguous, it seems clear that invasive species 

generally are highly successful dispersers (Theoharides & Dukes, 2007; Hellmann et al., 2008; 

Bradley et al., 2010). While for many native species the average dispersal distances, and 

dispersal speed supposedly will be too low to keep pace with warming (Malcolm et al., 2002; 

IPCC, 2014), there is little doubt that invasive species will be able to keep up, whether naturally 

or by human assistance (Rejmánek, 1996; Richardson et al., 2000; Vilà et al., 2007). Apart from 

range shifts, many invasive species might also profit from high dispersal abilities whenever 

empty niches or destabilised ecosystems need to be reached first. This might favour invasive 

species with respect to climatic extremes (Diez et al., 2012).  

 

To sum up current concerns, many traits that contributed to invasive success of the species, 

such as a broad ecological niche and especially broad climatic tolerances, fast adaptation or 

acclimatisation to new environments, short generation times, and high dispersal ability, are 

thought to be highly advantageous in a changing climate.  

1.2 Importance of phenology, seasonality, and timing 

Phenology, which describes the timing of recurring stages in plant and animal life, has been 

recognised to be a key factor in ecosystem processes. Start and end of the vegetation period, 

which are mostly driven by climate, result in feedbacks to the climate system, via oxygen 

production, evapotranspiration, biogenic volatile organic compounds (BVOC) emission, and 

surface layer changes (Schwartz, 1992; Menzel, 2002; Peñuelas et al., 2009; Richardson et al., 

2013). The seasonality of vegetation activity triggers carbon-uptake (Picard et al., 2005; Piao et 

al., 2008; Richardson et al., 2010; Richardson et al., 2012; Melaas et al., 2013), ecosystem 
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respiration (Piao et al., 2008; Migliavacca et al., 2011), and gross primary and biomass 

production (Cramer et al., 2001; Keenan et al., 2012).  

It is well known that phenological onset dates are highly responsive to temperature changes 

(Menzel & Fabian, 1999; Sparks et al., 2000; Sparks & Menzel, 2002; Menzel et al., 2006b; 

Cleland et al., 2007; Thackeray et al., 2010). Climate change will prolong the growing season, 

with both an earlier start in spring (Menzel & Fabian, 1999; Schwartz & Reiter, 2000; Peñuelas 

et al., 2002; Menzel et al., 2006b; Cleland et al., 2007) and a later end of the vegetation period 

in autumn (Richardson et al., 2010; Garonna et al., 2014; Gallinat et al., 2015; Keenan & 

Richardson, 2015, in press).  

Temperature sensitivity and thus response to a changing climate differ for early and late 

phenophases (Menzel et al., 2001; Menzel et al., 2006a), ontogenetic development phases 

(Augspurger & Bartlett, 2003; Augspurger, 2008; Richardson & O'Keefe, 2009; Vitasse, 2013; 

Vitasse et al., 2014b), trophic levels (Thackeray et al., 2010), plant functional types (Rollinson & 

Kaye, 2012; Panchen et al., 2014; Polgar et al., 2014), but is also highly species-specific 

(Murray et al., 1989; Heide, 1993; Willis et al., 2008; Vitasse et al., 2009; Richardson & O'Keefe, 

2009; Caffarra & Donnelly, 2011; Basler & Körner, 2012; Bolmgren et al., 2013; Bock et al., 

2014; Zohner & Renner, 2014; Panchen et al., 2014).  

An optimal timing of growth onset relates to competitive advantage, and generally trades off 

with the risk of spring frost damage (Körner & Basler, 2010; Lenz et al., 2013; Vitasse et al., 

2014a; Vitasse et al., 2014b). These factors all relate strongly to competitive ability and thus 

individual fitness of species (Walther, 2004; Willis et al., 2008; Augspurger, 2008; Polgar & 

Primack, 2011; Cleland et al., 2012). An optimal timing of flowering secures pollination success, 

and a simultaneous flowering within and across populations facilitates outcrossing, while a 

variability in flower timing, for example, enhances the chance of insect pollination, but needs to 

match temporal patterns of insect activity (Ehrlen, 2015). An early flowering is needed for large-

sized fruits to ripen in time (Bolmgren & Cowan, 2008). The timing of fruit ripening is relevant for 

reproduction success, and for animal-dispersed seed also relates to dispersal distances due to 

differing availability of animals and offer of fruits (Ehrlen, 2015). Thus, phenology relates to 

reproduction success, dispersal, and ultimately distribution of species.  

Apart from these well-studied phenomena, other seasonal patterns are also of great 

importance. For example, leaf senescence in autumn trades off with nutrient recapture, carbon 

uptake, and respiratory losses (Richardson et al., 2010; Migliavacca et al., 2011; Gallinat et al., 

2015). Seed dormancy and germination patterns relate to growing season length and seedling 

frost risk. Moreover, different development stages are more or less sensitive to frost (Lenz et al., 

2013), differ in response to competition (Fayolle et al., 2009), and the need for resources and 

nutrients likely also changes with development stage (Trinder et al., 2013). Therefore, the timing 

of the complete annual life-cycle needs to match climatic seasonality. To a large extent, the 

vulnerability of species to climate change is thus related to the ability to adjust the annual life-

cycle to changing conditions. For example, annuals might suffer from spring frosts, summer 

droughts, or autumn frosts depending solely on germination and reproduction timing, while frost 

tolerance will be of secondary importance. 
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It has been recognised that seasonal patterns are related to the success of invasive species. 

Invasive species often show a longer flowering season (Pyšek & Richardson, 2007; Wolkovich 

& Cleland, 2011; Knapp & Kühn, 2012), and use the extended autumn niche better than many 

native species (Harrington et al., 1989; Fridley, 2012). In spring, invasive tree species leaf out 

earlier than natives (Harrington et al., 1989; Xu et al., 2007; Polgar et al., 2014), and invasive 

herb and grass species germinate earlier (Cleland et al., 2015; Wilsey et al., 2015) or react 

more flexibly to temperature changes than native species (Willis et al., 2010; Hulme, 2011). This 

might allow them to take advantage of full light conditions before the closure of the canopy 

(Augspurger, 2008; Polgar et al., 2014), or be advantageous as a temporal window of 

competition relief (Gioria & Osborne, 2014). Invasive species tracking climate change have 

been shown to increase in abundance (Willis et al., 2010) and distribution (Hulme, 2011). Taken 

together, an optimal temporal niche is a pre-requisite for species survival, performance, and 

distribution under present conditions. However, the temporal niche of species itself is not a fixed 

trait, but a highly flexible, species-specific reaction to mainly climatic triggers.  

1.3 Background and objectives 

1.3.1 General knowledge gaps 

The competitive ability of single species, together with the competitive ability of recipient 

communities, as well as the importance of competitive interactions in a given community will all 

be influenced by climate change. Thereof, changes in mean growing conditions, changes in 

climatic variability, and changes in the seasonal timing of climate patterns are thought to be 

influential. 

Many facets of climate change are anticipated to promote current plant invasions. The 

establishment and spread of new invasive species, the spread of species already present into 

new ranges, and increased abundances of invasive species due to changed competitive 

interactions seem likely. With respect to competition, two different response levels to climate 

change will probably be most important, the individual response of the invasive species 

(invasiveness) and the responses of native communities (invasibility).  

However, different facets of climate change might act in concert or counteract each other on 

each of these two levels. Hence complicated interactions between species, ecosystem, and 

changing conditions lead to a multitude of possible effects. 

Many of the expectations on invasive plant responses are based on theoretical considerations 

or generalisations of hypotheses in invasion biology. For example, based on three recent 

reviews on this topic (Walther et al., 2009; Bradley et al., 2010; Diez et al., 2012), only roughly 

one third of the references cite studies explicitly considering invasive species and climate 

change, while most of the references relate to studies on general processes during invasion, 

general traits of invasive species, or general studies on climate change impacts. Of these, only 

a few studies have an experimental basis, and experiments on invasive species with a climate 

change focus remain scarce. While many hypotheses in invasion research have only little 

empirical support (Moles et al., 2012; Jeschke, 2014), knowledge on climate change impacts on 

plant invasions is highly theoretical and untested. 
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Given that high numbers of present invasive species and unknown numbers of future invasive 

species that will interact and compete with native biodiversity, there is little alternative to search 

for general, or at least transferable patterns. Therefore, this thesis aims to fill some of the 

research gaps regarding the response of native and invasive species to different facets of 

climate change.  

1.3.2 Research questions  

The objectives of this thesis are to assess climate-sensitive responses of invasive and native 

species, with a special focus on the influence of competition, seasonal, and temporal aspects of 

native and invasive plant performances. The studies contribute to the following main questions: 

 How will invasive plant species respond to changes in winter and spring temperatures 

and climatic variability?  

The studies in Chapters 3.1 and 3.2 assess how climate change will influence the spring 

phenology of native and invasive woody species. Chapter 3.1 studies how flexibly the species 

will respond to an expected shortening in chilling conditions and in day lengths with earlier 

springs. Chapter 3.3 explores whether invasive herb species tolerate climatic stress conditions 

better than related native species. The study in Chapter 3.4 analyses if and how climate change 

and climate variability might influence the elevational limits of native and invasive balsam 

species.  

 Will changes in competitive ability influence invasion processes with climate change?  

Chapter 3.3 investigates if competition changes the stress tolerance of species, and Chapter 

3.4 analyses if the competitive ability of species changes along an elevational gradient. Whether 

the importance of competitive interactions in natural communities changes along that 

elevational gradient is assessed is Chapter 3.5. Furthermore, the question of how climate 

change might influence natural communities through changes in competitive abilities and 

functional traits is analysed (Chapter 3.5). The question of how the spring phenology of native 

and invasive woody species will react to climate change equally relates to the competitive ability 

of species (Chapter 3.1).  

 Do the seasonal/temporal niches of native and invasive species differ, and is this 

relevant?  

Two studies investigate the timing of the start of the vegetation period in spring for native and 

invasive woody (Chapter 3.1) and herb species (Chapter 3.4), and how these seasonal patterns 

will be affected by climate change. How the stress tolerance of native and invasive herb species 

changes with their life-cycle stage is further studied (Chapter 3.3). The study presented in 

Chapter 3.5 analyses functional traits related to life-cycle timing of native herb species with 

respect to elevation.  

The rationale of this thesis is to compare the responses of invasive and related native species 

to different facets of climate change. More specifically, plant traits, with a special focus on 

timing, phenology, plasticity of traits, and the role of competition are the main focus. 
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1.3.3 Thesis outline  

This cumulative thesis comprises five first-authored, peer-reviewed publications (Figure 2), 

three of them published (Chapters 3.1-3.3), and two in review stage (Chapters 3.4 and 3.5). 

Since all but one publication are based on my own experiments and field studies, the general 

introduction (Chapter 1) is followed by a short description of the general methodological 

approaches and considerations (Chapter 2). Chapter 3 compiles the publication abstracts. 

Chapter 4 summarises the key results and includes a general discussion with respect to other 

studies, and Chapter 5 provides an outlook. The references are listed in Chapter 6. 

 

 

Figure 2:  Main focus of the individual studies.  

Abstracts of the individual publications are given in the respective chapters of this thesis (Chapters 3.1-
3.5).  

 

The first publication (Chapter 3.1) “Chilling outweighs photoperiod in preventing precocious 

spring development” (Laube et al., 2014b) focuses on climate change effects on the timing of 

spring budburst dates of native and invasive tree and shrub species. The study questions how 

photoperiod and chilling influence the spring phenology of woody species, since both a 

reduction of chilling with warming winters, and a reduction of photoperiod with earlier springs 

are predicted with climate change. Upon publication, this was the first experimental study to 

work on a wide range of species (36 in total) in one single experimental setting. It was also the 

first publication that used a full factorial design to disentangle the separate effects of chilling and 

photoperiod. The high number of species investigated under identical conditions was possible 

due to the use of a newly re-discovered experimental method (twig method). It is based on 

using twigs as proxies for trees, and allows investigation of a broad variety of species and 

treatments under controlled conditions in climate chambers. Furthermore, the study introduced 

survival analysis as a useful statistical tool to analyse this type of data.  

The second publication (Chapter 3.2) “Does humidity trigger tree phenology? Proposal for an air 

humidity based framework for bud development in spring” (Laube et al., 2014a) resulted from 

unforeseen observations made during the experiment in Chapter 3.1. These observations 
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suggested that a possible driver of spring development dates, air humidity, was so far 

overlooked in phenological research. New experimental settings based on the twig method were 

used. The study questions if, how, and why air humidity might influence the spring phenology of 

trees, and hypothesises that not temperature itself, but the closely related absolute air humidity 

might be the main driver of phenological development in spring. While one experimental setting 

tested the influence of air humidity on the spring phenology of different woody species, another 

experiment was set up to test possible mechanisms. The study additionally uses long-term 

climate data to test if air humidity gives a reliable signal of spring.  

The third publication (Chapter 3.3) “Tolerance of alien plant species to extreme events is 

comparable to that of their native relatives” (Laube et al., 2015) examines if invasive herb 

species might profit from an increase in extreme events with climate change. The study 

analyses if three common invasive herb species, in comparison to closely related native 

species, show a higher homeostasis under temporally stressful climatic conditions. To address 

this question, a greenhouse experiment with five severity levels of multiple climatic stresses was 

conducted. Stress was applied at two different development stages of the plants, and at two 

differing settings (monoculture and competition), to assess differing responses with respect to 

the timing of the climatic stress events and the influence of competition.  

The fourth publication (Chapter 3.4) “Small differences in seasonal and thermal niches influence 

elevational limits of native and invasive Balsams” (submitted to Biological Conservation) 

assesses possible climate change impacts on the current distribution limits of two invasive and 

the native balsam species at a mid-mountain range (Bavarian Forest). The study uses a 

combination of field study with measurements of plant functional traits and a field experiment on 

germination, establishment and reproduction patterns in relation to elevation and competition 

treatments. The focus was on trait plasticity, germination, and establishment patterns as well as 

competitive effects along the elevational gradient.  

The fifth publication (Chapter 3.5) “Beyond thermal niches; the vulnerability of montane plant 

species to climate change” (submitted to Journal of Vegetation Science) examines possible 

climate change impacts on the native understorey flora in the Bavarian Forest. A 

comprehensive dataset of vegetation relevés was provided by the cooperation partner C. 

Bässler, National Park Bavarian Forest. The study examines this dataset using a combination of 

up-to-date methods in community ecology (including diversity indices, patterns of plant 

functional traits and phylogeny) and environmental niche analysis. This combination of analysis 

was used to assess the importance of competition along the gradient, to identify important plant 

functional traits, and to finally infer climate change effects on the species communities in the 

area. 

 

 



 

14 

2 Overview of methods 

The research summarised in this thesis is mainly based on experimental studies, at times in 

combination with field observations (Figure 2 and Table 2). The studies used different 

approaches, experimental settings, and plant species, each with individual advantages and 

disadvantages, which are discussed in detail in the corresponding publications. However, the 

studies share several general considerations and methodological choices, which are 

summarised in the following chapters.  

2.1 Terminology 

 Invasive species 

Invasive species are defined according to Richardson et al. (2000): Invasive species are 

species that occur outside their native range due to direct or indirect human influence, that 

persist and reproduce steadily over several generations also in natural and semi-natural 

habitats, and have spread considerably from their original point of introduction. Range shifts of 

native species due to climate change do not lead to invasive status (Webber & Scott, 2012). 

Invasive status is decoupled from negative impacts, although often used for political definitions 

(Richardson et al., 2011), e.g. IUCN (2000), Hubo et al. (2007), Kettunen et al. (2009), since 

these are hardly practicable (type of impact, thresholds of impact size, currently unknown 

impacts, time-lag effects, etc.).  

 Native species 

Native species are species that evolved in, or spread into their current range without human 

assistance. I do not follow recent suggestions (van Kleunen et al., 2010a) of dividing native 

species into native species that are and are not invasive elsewhere, which was supposed as 

valuable to distill “invasiveness” or “invasive traits”. On the one hand, this distinction is not 

practicable, since for considerable parts of the world, reliable inventories of invasive species do 

not exist. On the other hand, not all species have (yet) been transported by humans to all 

possible destinations, and thus one cannot know whether a species would be invasive in 

regions they have not reached (yet).  

 Competition 

Throughout this thesis, competition is defined as the capture of essential and limited resources 

by plant individuals, at the same time restricting the availability of these resources to other 

individuals (Grime, 1979). Since resources are variable in space and time, competition does 

have spatial and temporal components (Gioria & Osborne, 2014). Plant individuals can compete 

for many different limited resources, and most prominent among them is competition for light, 

water, and nutrients, although many other competitive effects are known, e.g. competition for 

pollinators or seed-dispersing animals. In fact, only a very few resources are known to be 

unlimited, and thus are irrelevant for competition, such as atmospheric oxygen for dark-

respiration in terrestrial ecosystems, or water in freshwater systems.  
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 Competitive ability 

The competitive ability of individuals is the ability of species to compete and perform in a given 

environmental and biotic context. Phenotypic plasticity allows species to maintain fitness in 

unfavourable environments “jack of all trades”, to increase fitness in favourable environments 

“master of some”, or both (Richards et al., 2006). Apart from the exploitation of limited 

resources, competitive ability is also influenced by other properties, e.g. allelopathic and 

facilitative effects, mycorrhizal networks, plant pathogens, and many other factors.  

2.2 Methods in climate change research 

A broad range of experimental settings is used to address questions on future climate change 

impacts on plants, from highly controlled climate chamber experiments, field studies controlling 

one or a few parameters, to uncontrolled experiments along natural climatic gradients and field 

observations.  

Climate chamber experiments, as well as pot experiments in greenhouses allow the direct 

control of many environmental factors at a time, e.g. climate and soil conditions. Several 

designs are used to manipulate one or more climatic variables under field conditions, e.g. open 

top chambers or rain-out shelters. The least controlled experiments can be conducted along 

natural climatic gradients, for example with common garden or transplant experiments along 

latitudinal, elevational or precipitation gradients. 

Generally, there is a trade-off between the level of control (and high reproducibility) and close-

to-natural conditions with higher potential transferability to natural conditions (and low 

reproducibility) (Gibson et al., 1999; Poorter et al., 2012). While highly controlled settings 

usually are only available in highly artificial environments, the number and severity of unwanted 

side-effects increase. For example, pots in greenhouses or climate chambers restrict rooting 

volume, offer light quantities and qualities that differ from natural conditions, usually lack 

climatic variability, or are prone to unnatural insect infestations. On the other hand, highly 

controlled settings offer the possibility to disentangle confounding climatic effects, which is 

usually hard to attain under more close-to-natural conditions or when analysing field data. 

Close-to-natural conditions are advantageous with respect to more natural side-conditions, and 

thus are more likely to reproduce real-world climate change effects, but lack the possibility to 

clearly separate between influential parameters. Moreover, the lessened level of control also 

bears the risk of treatment failure, or the influence of unknown but important confounding 

factors.  

Changes in mean values are often easier to apply than changes in variability. Many 

experimental facilities allow temperature manipulations, while for example soil water is more 

challenging to manipulate (Godfree et al., 2013). Generally, experiments on large sized species 

are technically more challenging than experiments on small individuals, with respect to both 

treatment application and response measures.  

Due to interactions among climatic variables, it is almost impossible to restrict experimental 

manipulations to one and only one climatic variable. For example, artificial temperature 
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increases are often associated with decreases in air and soil humidity, e.g. in open-top 

chambers or outdoor active warming systems (Marion et al., 1997; Norby et al., 1997). The use 

of rain-out shelters changes radiation and wind factors, while additional watering might lead to 

changes in soil nutrients due to washing-out or accidental addition of nutrients. Therefore, 

“hidden treatments” (Huston, 1997) are quite common, and need careful consideration.  

Apart from the general experimental setting, a further choice with respect to the degree of 

change has to be made. Treatment conditions mimicking both climate change scenarios for a 

given site, or fixed changes (e.g. 2°C warming) are in use. Since the regionalisation of global 

climate change scenarios often only predict changes in mean values of a few climatic variables, 

their temporal resolution and variability often remain uncertain and vague (Beier et al., 2012; 

Reyer et al., 2013). While climatic conditions show a high inter- and intra-annual variability, 

experiments usually are restricted to a few differing treatments. Since non-linear responses to 

changed conditions are likely, the use of treatment gradients to assess quantitative differences 

per unit change are favourable (Cottingham et al., 2005). Ideally, gradual manipulations are 

broad enough to obtain response-surfaces, and include tipping points to non-linear breakdown 

thresholds (Kreyling et al., 2014).  

Due to difficulties with climate change scenarios, and shortcomings of classical one-treatment-

one-control ANOVA designs (Cottingham et al., 2005; Beier et al., 2012), the studies reported in 

this thesis used fixed treatment values, where possible with gradual changes (Table 2). In 

Chapter 3.1, three treatment conditions were chosen for both photoperiod and chilling length. 

Chapter 3.3 applied climatic stresses in increasing severity at five levels. Chapter 3.4 uses four 

different elevations for the experimental part, and two to three elevations for the field 

measurements. In Chapter 3.5, the complete elevational gradient was sampled.  

2.2.1 Experiments 

 Climate chamber experiment on winter and spring warming 

So far much phenological research on tree species has been based on correlative studies, for 

example on data from long-term phenological ground observations, phenological gardens, or 

remote sensing (Primack et al., 2015, in press). Since the phenology of seedlings differs from 

that of adult tree individuals (Vitasse, 2013), and experiments with adult individuals are difficult 

to conduct, so far only a few experimental studies have analysed the effects of controlled 

climatic treatments on the phenology of tree species.  

Only recently, the use of twigs was re-discovered as a viable option to observe the spring 

phenology of tree species under manipulative treatments (Basler & Körner, 2012). In my thesis, 

twigs in climate chambers are used as proxies for trees (Vitasse & Basler, 2014). The influence 

of chilling, photoperiod and air humidity on the timing of budburst was assessed under 

controlled conditions (Chapter 3.1 and 3.2). 

 Greenhouse experiment on climatic stress 

In Chapter 3.3 the magnitude of several climatic events was manipulated directly within a 

greenhouse experiment. Spring frost, summer drought, and heavy autumn precipitation were 
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simulated. The main decision was to apply the events in the form of gradually increasing event 

intensity, and to include several different events at a time, which is widely anticipated to occur 

more often within one year and site in the future (Reyer et al., 2013). In Chapter 3.4 natural frost 

events influenced the outcome of the experiments. 

 Field study and field experiment at an elevational gradient 

Elevational gradients offer a good option to study species performance under different, yet 

natural, climatic conditions. Nevertheless, elevational gradients of course comprise more than 

just climatic changes, and with special relevance to invasive species, they also subsume 

gradients with respect to decrease in infrastructure, decrease in land use intensity, or more 

general, decrease in human influence. Former studies on invasive species in mountain 

ecosystems focused on highly comparable, though rather strongly disturbed road-side 

communities, e.g. Alexander et al. (2009), Haider et al. (2010), Paiaro et al. (2011). On the one 

hand, this is a valid approach to minimise unwanted side-effects. On the other hand, results 

from road-side communities cannot easily be transferred to more natural habitats. In this thesis, 

an experiment at an elevational gradient was used to assess possible impacts of climate 

change on a pair of invasive species in rather natural conditions (Chapter 3.4).  

2.2.2 Additional insights from field studies  

While correlative studies on field data allow estimates of the influence of climatic factors, they 

do not permit the detection of causation. However, the transferability of experimental results to 

field conditions is often not possible, and the relevance of observed effects often remains 

unknown. Therefore, approaches that combine both correlative field studies and experimental 

approaches are highly valuable. The studies of this thesis try to combine both approaches 

wherever feasible (Table 2).  

In Chapter 3.1, manipulated budburst dates were related to observed budburst dates in the 

field. The study in Chapter 3.2 used long-term climate data to assess the reliability of the air 

humidity spring signal. In Chapter 3.4, I used a dual approach of plant trait measurements and 

field experiment to study drivers of elevational range limits, and included long-term climatic data 

of the area to assess the possible importance of the observed patterns. Possible changes with 

respect to the native species pool in the area was analysed in Chapter 3.5. 
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Table 2:  Approaches used in the individual studies  

Chapter 
Type experiment:  

Treatments 
Number of treatment 
levels 

Type field study 
Additional data 
analysed 

3.1 
climate chamber experiment - 
twig method 

photoperiod x chilling 

3 x 3 (each: 
short/inter-
mediate/high) 

phenological field 
observations 

climate data (year of 
study), long-term 
climate data 

3.2 

climate chamber experiment - 
twig method 

box experiment - bare twigs 

air humidity 

2 (each:  

low/high) 
- 

long-term climate 
data 

3.3 

greenhouse experiment 

climatic stresses (frost, 
drought, water-logging) 

competition 

stress timing 

stress: 5 (none to 
high stress level) 

competition: 2 
(low/high) 

stress timing: 2 
(seedling/adult) 

- - 

3.4 
field experiment: 

elevation 
4 (300m-1200m 
a.s.l.) 

trait measurements 
at 3 elevations 

climate data (year of 
study), long-term 
climate data 

3.5 - - 
vegetation relevés 
(elevational 
gradient) 

long-term climate 
and environmental 
data 

 

2.3 Competition experiments 

Since many competitive effects are dependent on plant size and density, a comparison of the 

competitive ability of different plant species is challenging. Plant species are different, and 

therefore a change in co-occurring species usually also changes the amount of competing 

biomass per experimental unit. Plants grown in competition are usually smaller then when 

grown alone, which is a mixture of effects of higher densities (per-capita competitive effects) or 

biomass (per biomass competitive effects) and differing competitive abilities of co-competing 

species. Maintaining equal numbers/amounts of individuals and biomass with changing species 

identity is generally very hard to attain (Lepš, 2005). Several experimental designs and indices 

to compare the performance of plant species in competition have been developed in the past 

(Weigelt & Jolliffe, 2003). There is a multitude of experimental designs that try to separate the 

effects of competing biomass or density from the effect of species identity, but these usually 

require an overly high number of control units and/or pilot studies, leaving few resources for the 

assessment of treatment effects. To give an example of this challenge, a recent study 

suggested the “opportunity to use groups of equivalent competitors, each one working at a 

different point of the gradient, but all in a comparable range of environmental suitability and 

potential size-asymmetry relative to neighbours. Once defined these equivalence conditions, … 

[the new index] is suited to measure how the relative weight of neighbour impact changes” 

(Mingo, 2014). Given these obstacles, problems in study designs reduce the interpretability of 

results (Connolly, 1988), and “a coherent approach to the difficulties posed by the study of 

competition” (Gibson et al., 1999) is still not available (Damgaard & Fayolle, 2010; Mingo, 

2014). This is especially true if, rather than competition, climate change impacts on competition, 
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not to mention effects of climate variability on competition, are the main focus of study. On the 

other hand, the basic attempt in parsing-out species identity versus biomass effects is still 

arguable, since higher amounts of competing biomass and density are likely to occur in 

competitive environments under natural conditions.  

The competitive settings used in this thesis therefore used mildly competitive settings with 

monocultures of one target species in low densities, in contrast to highly competitive settings 

with mixtures of target species and competitors in total higher densities (Chapters 3.3 and 3.4). 

The species under comparison were chosen with care with respect to size (see Chapter 2.5). 

Amongst other effects, climate change will change the timing and seasonality of climatic 

conditions. Therefore, temporal aspects of the competition treatments also need to be 

considered. On the one hand, it is known that different life-cycle phases of species vary with 

respect to competitive ability, e.g. seedlings generally show low competitive ability in 

comparison to adult individuals. Therefore, it has been supposed that ideal experimental 

settings use individuals in mixed life-history stages to simulate close to natural setting (Goldberg 

& Werner, 1983). However, the seasonality of most plant species is not random (for example 

timing of seedling emergence, sprouting, flowering), and shows distinct phenological patterns 

during the season. Moreover, a multiplication of several mixtures of development stages with 

other treatments is usually not operational. Therefore, it seems reasonable to restrict 

experiments to those phases expected to be most sensitive, such as early seedling stages 

(Chapter 3.3), or highly decisive, such as timing of reproduction (Chapter 3.4), germination 

(Chapter 3.4) or budburst (Chapter 3.1).  

2.4 Measures of plant performance 

In climate change research the main questions are often on the long-term outcome of plant 

performance, that is, long-term persistence and biomass development, long-term reproductive 

success, or changes in species’ abundance and density. However, these responses are not 

obtainable via short-term experiments. Therefore, observed changes and patterns during short-

term experiments can only be interpreted as proxies and tendencies that might translate into 

relevant long-term outcomes (Gibson et al., 1999; Jolliffe, 2000).  

The studies compiled in this thesis use different types of direct response measures. Biomass 

was measured as a proxy for vitality, growth and competitive ability (Chapters 3.3 and 3.4). 

Survival or death rates were analysed as a proxy for vitality and persistence (Chapters 3.3 and 

3.4). Furthermore, the number of flowers or other reproductive organs were used as a proxy for 

seed output and thus reproductive success (Chapters 3.3 and 3.4).  

It has been noted that fixed, often arbitrary points in time are bad predictors for long-term 

outcomes (Trinder et al., 2013). In this thesis, biomass at the latest possible point during the 

vegetative period (peak biomass, (Trinder et al., 2013)), death rates, and as far as possible 

measures on reproduction were included, to ensure that as many influential responses as 

possible were observed (Chapters 3.3 and 3.4). 

Apart from these direct measures of plant performance, indirect methods were also used to 

assess possible competitive effects. The timing of budburst of woody species (Chapter 3.1 and 
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3.2) relates to growing season length, total carbon acquisition, and thus growth and competitive 

ability. The germination and flowering dates of herbs (Chapter 3.4) were analysed with respect 

to frost exposure and reproductive success. The abundance of species and functional traits 

were analysed in Chapter 3.5 as measures for species and traits performance along an 

elevational gradient.  

2.5 Selection of model species 

All studies summarised in this thesis use species as the main study subject. For many climate 

change related questions the use of entities below the species level are also of high interest and 

in use, and there is growing evidence that provenance differences can be decisive (Clements & 

Ditommaso, 2011; Alexander, 2013; Valladares et al., 2014). However, knowledge on 

provenances, and the distribution limits of provenances are restricted to rather a few species 

(Valladares et al., 2014). Comparably little is known on provenance differences, provenance 

limits and the relevance of provenance differences for most invasive species. Often even rough 

knowledge on source population range is missing (Moran & Alexander, 2014), and it remains 

unknown whether single or multiple introductions were involved.  

As already discussed, many competitive interactions are known to be size-dependent (either 

size-symmetric or asymmetric), that is, larger individuals have competitive advantages over 

smaller individuals, since they are able to exploit linearly or over-linearly more resources per 

individual (Schwinning & Weiner, 1998; Bennett et al., 2013). Nevertheless, many past 

competition experiments with invasive species tended to work with highly unequal pairs of 

species, often comparing highly competitive invasive, that is large, fast growing herbs, with 

threatened native species, thus often small species with low growth rates (Vilà & Weiner, 2004). 

Moreover, phylogenetic bias has to be considered (Pyšek & Richardson, 2007; van Kleunen et 

al., 2010b). To avoid these confounding effects, the studies summarised in this thesis used 

native and invasive species of comparable size, and where possible with high taxonomic 

relatedness.  

A further problem with artificially exposing species to climate change and/or competition 

treatments is a potential bias due to differing niches of the species. Moreover, if the main trigger 

for occurrence or abundance is neither limited by competition or climate, but human 

management, the usefulness of results for climate change predictions is highly limited. The 

studies used for native/invasive comparisons in this thesis therefore shared main habitat 

requirements, life form, and functional group. 

With invasive species, further restrictions have to be considered with respect to the invasion 

stage. It is well known that the most influential parameters change during the different stages of 

the invasion process (Theoharides & Dukes, 2007; Hellmann et al., 2008; Pyšek et al., 2009a; 

Pyšek et al., 2009b; Pyšek et al., 2015). As stated, during earlier invasion stages other factors 

are more important, while competitive interactions gain importance only during the later stages 

of invasions, when spread into natural communities occurs (Figure 1). Since the actual stage is 

often not exactly known for each invasive species, the residence time can be used as a proxy 

for invasion stage (Pyšek & Jarošík, 2005; Williamson et al., 2009). Therefore, the studies 
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compiled in this thesis used only invasive species in later stages of the invasion process, that is, 

with long residence time. 

Concerning the experimental studies, further practical restrictions existed, e.g. availability of 

seed or samples, possibility to use the species in the desired way. For instance, the species 

used for the studies in Chapters 3.1 and 3.2 were more restricted by the necessity to obtain 

examples from highly comparable, and close-by sites. Additionally, the method used did not 

work out for invasive Buddleja davidii Franch., hence this species could not be studied. A table 

listing the focal invasive and native species used for the different studies is given in Appendix A. 
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3 Abstracts of individual publications 

3.1 Chilling outweighs photoperiod in preventing precocious spring 

development.  

Laube J, Sparks TH, Estrella N, Höfler J, Ankerst DP, Menzel A (2014), Global Change Biology 

20(1): 170-182.  

 

It is well known that increased spring temperatures cause earlier onset dates of leaf unfolding 

and flowering. However, a temperature increase in winter may be associated with delayed 

development when species' chilling requirements are not fulfilled. Furthermore, photosensitivity 

is supposed to interfere with temperature triggers. To date, neither the relative importance nor 

possible interactions of these three factors have been elucidated. In this study, we present a 

multispecies climate chamber experiment to test the effects of chilling and photoperiod on the 

spring phenology of 36 woody species. Several hypotheses regarding their variation with 

species traits (successional strategy, floristic status, climate of their native range) were tested. 

Long photoperiods advanced budburst for one-third of the studied species, but magnitudes of 

these effects were generally minor. In contrast to prior hypotheses, photosensitive responses 

were not restricted to climax or oceanic species. Increased chilling length advanced budburst 

for almost all species; its effect greatly exceeding that of photoperiod. Moreover, we suggest 

that photosensitivity and chilling effects have to be rigorously disentangled, as the response to 

photoperiod was restricted to individuals that had not been fully chilled. The results indicate that 

temperature requirements and successional strategy are linked, with climax species having 

higher chilling and forcing requirements than pioneer species. Temperature requirements of 

invasive species closely matched those of native species, suggesting that high phenological 

concordance is a prerequisite for successful establishment. Lack of chilling not only led to a 

considerable delay in budburst but also caused substantial changes in the chronological order 

of species' budburst. The results reveal that increased winter temperatures might impact forest 

ecosystems more than formerly assumed. Species with lower chilling requirements, such as 

pioneer or invasive species, might profit from warming winters, if late spring frost events would 

in parallel occur earlier. 

 

 Contributions: 

Together with AM, THS, and NE, I developed the idea and experimental design for the study. 

Setting up the experiments and recording was done by myself, with considerable help of two 

students – Anja Thole and Clemens Kramer - who also assisted with data entry. The analysis 

was done by myself, with statistical guidance from JH and DPA. I wrote the manuscript, with 

contributions and revisions from all other authors. About 70% of the work was done by myself.  
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3.2 Does humidity trigger tree phenology? Proposal for an air humidity 

based framework for bud development in spring.  

Laube J, Sparks TH, Estrella N, Menzel A (2014), New Phytologist 202(2): 350-355.  

 

In temperate climates, temperature is considered the main driver of the spring development of 

plants. But our ability to predict onset dates remains imprecise, and our understanding of how 

plants sense temperature is vague. 

From a climate chamber experiment on 9 tree species we present evidence that air humidity is 

an important, but previously overlooked, factor influencing spring phenology. A second 

experiment shows that water uptake by above-ground tissue is involved in the phenological 

development of trees. Analysis of climate data from several meteorological stations across 

Germany proves that the increase in air humidity after winter is a reliable signal of spring, i.e. 

less variable or susceptible to reversal compared to temperature. Finally, a third experiment 

suggests that winter dormancy and chilling might be linked to dehydration processes. 

Taken together, our results suggest an alternative framework, which considers the dormancy 

and spring development of temperate trees as a response to air humidity, and not to 

temperature. The influence of air humidity on the spring phenology of temperate trees should 

improve phenological models, and help to design more realistic warming experiments. It should 

equally encourage physiological research to reappraise knowledge on temperature sensors in 

plants. 

 

 Contributions: 

I made the observation that air humidity influences bud development during the previous 

experiment, and developed the ideas and settings of the following experiments with AM and 

THS. Setting up the experiments and recording was done by myself, partly with the help of two 

students – especially Anja Thole, and also Clemens Kramer. The analysis was done by myself, 

with statistical advice of THS. NE provided climate data. I wrote the text, with revisions from all 

other authors. About 80% of the work was done by myself. 
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3.3 Tolerance of alien plant species to extreme events is comparable to 

that of their native relatives. 

Laube J, Ziegler K, Sparks TH, Estrella N, Menzel A (2015), Preslia 87(1): 31-53. 

 

In addition to increases in temperature and CO2, other features of climate change, such as 

extreme events and short-term variations in climate are thought to be important. Several factors 

indicate that invasive plant species might benefit from climate change via these features. 

However, apart from theory-based predictions, knowledge of the tolerance of invasive species 

to short-term climatic stress is very limited. We investigated whether three naturalized alien 

plant species in Central Europe, Ambrosia artemisiifolia, Hieracium aurantiacum and 

Lysimachia punctata perform better under stressful conditions than comparable native species. 

A greenhouse experiment with a fixed stress sequence of frost, drought and water logging was 

set up. We applied this stress treatment to two life history stages (seedling and adult plants), 

plants grown in monoculture (mild intraspecific competition) and in a highly competitive setting 

with intra- and interspecific competition. Whilst small differences in plant responses were 

detected the alien species overall were not more tolerant to stress. The responses of alien and 

native congeners/confamilials to stress in all treatments (monoculture, competition, adult, 

seedling) were similar, which indicates that stress thresholds are phylogenetically conserved. All 

species were more vulnerable to stress at the seedling stage and when subject to competition. 

Our data indicates that results obtained from experiments using only monocultures and one 

development stage are not appropriate for drawing generalisations about lethal thresholds. 

Moreover, rather abrupt species-specific thresholds exist, which indicates that a prediction of 

species responses based on just two stress levels, as is the case in most studies, is not 

sufficient. 

 

 Contributions: 

I developed the idea of the experimental design with contributions of AM, THS, KZ and NE. 

Setting up the experiments was done by KZ and me, recording and data entry was done by KZ 

and student assistance. Analysis was done by myself, with statistical advice from THS. I wrote 

the manuscript, with revisions from all other authors. About 70% of the work was done by 

myself. 
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3.4 Small differences in seasonal and thermal niches influence elevational 

limits of native and invasive Balsams.  

Laube J, Sparks TH, Bässler C, Menzel A (submitted to Biological Conservation, 04/2015) 

 

Recent studies suggest that invasive plant species have colonised mountains to previously 

unknown elevations, ongoing climate change being one possible driver. Thus, they might pose 

new threats to high-elevation ecosystems, which are often of high conservational value. Current 

range predictions are primarily based on climate niche models, while many other factors might 

also contribute.  

We studied the species-specific elevational limits of one native (Impatiens noli-tangere) and two 

invasive balsams (I. glandulifera and I. parviflora) on a mid-mountain range in Germany. We 

used a combination of trait measurements and a field experiment to assess the relative 

importance of temperature, trait adaptations, and biotic interactions on elevational limits.  

Results indicate that concurrent seedling emergence, low frost resistance and, for I. 

glandulifera, late flowering, are important contributors to elevational limits. Because of a lack of 

seed bank persistence, erratic spring and autumn frost events coinciding with the plants’ annual 

life-cycles likely influence the upper limits of the invasive species strongly. The abundance of 

the species seems further limited by herbivory, mainly by molluscs. 

Given that a highly nuanced interaction of phenological development and erratic frost events are 

important for range limits, predictions based solely on climatic mean values, such as mean 

temperatures, are unlikely to capture future invasion limits of balsam species.  

Our results indicate that occasional occurrences of the species do not necessarily call for 

eradication actions, that management efforts might be most effective at intermediate elevations, 

and that any measure encouraging terrestrial molluscs will help to maintain biotic resistance. 

 

 Contributions: 

I developed the idea and setting of the study, with contributions of AM, THS and CB. Setting up 

the experiments, field measurements, and data entry was done by me with student help. I 

analysed the data, with statistical advice of THS. I wrote the manuscript, with revisions from all 

other authors. About 80% of the work was done by myself. 
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3.5 Beyond thermal niches; the vulnerability of montane plant species to 

climate change. 

Laube J, Sparks TH, Menzel A, Heibl C, Müller J, Bässler C (submitted to Journal of Vegetation 

Science, 04/2015) 

 

Climate change impact assessments for mountain ecosystems leave two important knowledge 

gaps. Firstly, most research focuses on the alpine belt, and thus a transferability of the results to 

isolated mid-mountain ranges remains questionable. Secondly, competitive exclusion is thought 

to be the main driver for range retractions at the lower elevational limits of species. However, to 

date studies of species changes in mountain ecosystems have not detected competitive 

exclusion, and predictions of species distribution models only include competitive processes 

very indirectly.  

We analysed a comprehensive dataset of the understorey flora on a mid-mountain range in 

Central Europe to infer possible climate change impacts on plant species composition. We 

assessed species distributions and community assembly with respect to functional traits and 

phylogeny along the complete elevational gradient. Species vulnerabilities were derived from 

both their climatic and light niche (the whole mountain range is below the tree line), while 

community assembly and trait analysis were used to identify the main drivers in the area and to 

interpret results.  

Overall, the regional species pool shows a high vulnerability to climate change, which is a result 

of expected range retractions at the lower elevational, competition-triggered limit of the species. 

The temperature gradient seems to select for several reproductive traits, and generally less 

complex reproduction patterns are found at colder sites. Changes in tree cover relate more 

strongly to many life-strategy traits, with larger plant sizes and more competitive leaf traits at 

sites with high tree cover. 

Considering both their reproductive and life-strategy traits, montane species are expected to 

respond primarily to changes in tree cover, and probably less to diffuse and rather unpredictable 

changes in competition among understorey plants. While this might facilitate predictions for the 

understorey flora, our ability to predict future elevational limits of tree species remains limited. 

However, our estimates suggest that most of the suitable habitats of montane species will be 

limited to local refugia. 

 Contributions: 

The dataset was compiled by the National Park Bavarian Forest, especially by CB and JM. The 

idea for the analysis was developed by THS, CB and me. CH contributed the phylogenetic tree. 

I analysed the data, with advice from CB, THS and AM, and wrote the manuscript, with 

contributions and revisions from all other authors. About 70% of the work was done by myself. 
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4 Discussion 

4.1 Key findings 

4.1.1 Expected impacts of climate change on the spring phenology of native and 

invasive woody species 

Climate change has already influenced the phenology of species (Menzel & Fabian, 1999; 

Schwartz & Reiter, 2000; Sparks & Menzel, 2002; Fitter & Fitter, 2002; Walther et al., 2002; 

Peñuelas et al., 2002; Menzel et al., 2006b; Cleland et al., 2007), and will continue to change 

species’ phenology. Future spring onset dates are of high importance since they promise 

competitive advantages with early spring light gain and carbon assimilation (Picard et al., 2005; 

Augspurger, 2008; Richardson et al., 2010; Migliavacca et al., 2011; Richardson et al., 2012), 

but trade-off with increased risk of frost damage (Lechowicz, 1984; Inouye, 2008; Kreyling, 

2010; Augspurger, 2013; Vitasse et al., 2014b). Spring onset dates thus will influence individual 

fitness (Walther, 2004; Cleland et al., 2012), future community structure (Willis et al., 2008; 

Walther, 2010), and distribution of species (Chuine, 2010; Hulme, 2011). 

The phenology of invasive species has been shown to differ from that of native species, and 

generally, a more flexible response of invasive species to changing temperatures has been 

suggested (Willis et al., 2010) and refuted (Fridley, 2012). However, earlier leaf-out dates and 

later autumn leaf-fall probably contribute to the success of invasive species (Wolkovich & 

Cleland, 2011; Fridley, 2012; Wolkovich & Cleland, 2014). 

Question 1: What is the influence of photoperiod and chilling on budburst dates in spring? 

Do native and invasive species differ? (Chapter 3.1) 

The spring phenology of tree species is known to be influenced mainly by high spring 

temperatures, “forcing” temperatures that trigger development (de Réaumur, 1735; Lechowicz, 

1984; Chuine, 2010). Second, low winter temperatures are of influence, “chilling” temperatures 

that break dormancy (Murray et al., 1989; Heide, 1993; Søgaard et al., 2008). Third, 

photoperiod is relevant, with long day lengths starting or hastening spring development (Körner 

& Basler, 2010; Caffarra & Donnelly, 2011; Basler & Körner, 2012). Furthermore, other 

secondary factors are known, such as higher nutrient status (Jochner et al., 2013c), autumn 

temperatures (Heide, 2003; Søgaard et al., 2008; but see Chuine & Cour, 1999), reduced red to 

far red ratio of twilight (Linkosalo & Lechowicz, 2006), precipitation (Peñuelas et al., 2002; 

Estiarte et al., 2011; Fu et al., 2014), or ontogenetic stage (Augspurger & Bartlett, 2003; 

Vitasse, 2013).  

Yet, the relevance of species’ chilling requirements and photosensitivity remain unclear, and 

both factors are, with differing effect sizes and parameterisations, input values in current 

phenological models. Contradictory results on the effects of both factors have been reported, 

and responses, especially at the species-level, remain largely vague (Körner & Basler, 2010; 

Chuine et al., 2010; Polgar & Primack, 2011; Vitasse & Basler, 2013).  
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Thus, the first study (Chapter 3.1) addresses the question of how photoperiod and chilling 

influence budburst dates of native and invasive woody species in a full factorial climate chamber 

experiment (Table 2). 

The results show that almost all woody species delayed development with reduced chilling 

length - on average by almost 3 weeks (200°Cdays). However, the magnitude of responses, 

and chilling requirements also differ considerably between species. Short photoperiods delay 

the spring development of one third of the species. However, effects of photoperiod are 

comparably small (on average 20°Cdays), and only detectable for not fully chilled individuals. 

Short chilling length leads to highly asynchronous spring development of the species. Thus, 

warming winters are anticipated to change the leaf-out chronology of communities, which might 

impact individual species fitness.  

Overall, the flexibility of phenological responses is primarily triggered by species-specific chilling 

requirements and forcing needs. On average, invasive species show smaller chilling 

requirements than native species. On the other hand, forcing needs until budburst are highly 

comparable between invasive and native species, and as for native species, some invasive 

species react to photoperiod, and some do not. Non-native non-invasive species (exotic tree 

species grown for ornamental or other purposes) considerably differ in spring phenology from 

native and invasive species. This suggests that a high pre-adaptation of spring phenology might 

be a cue for invasion success.  

Q 1.1: Is the flexibility of spring phenology related to life strategy or origin of species?  

The results indicate that life strategy relates to phenological responses: Early successional 

species in general show lower chilling requirements, and also lower forcing requirements than 

climax species. Moreover, pioneer species tend to respond less to photoperiod than climax 

species, although this finding might be confounded with overall lower chilling requirements. The 

results show no relationship between the responses to chilling and photoperiod with respect to 

differing climatic conditions at the native range of the species.  

Q 1.2: Will invasive woody species respond more flexibly to changing chilling and 

photoperiod conditions? 

Since invasive species show a tendency towards less chilling requirements than native species, 

they might, on average, react more plastically to increasing winter and spring temperatures. 

This can, at least partly, be attributed to the fact that many invasive woody species are pioneer 

species (Rejmánek, 2000). As stated, effects of photoperiod are rather small, and thus 

photosensitivity of invasive species will probably not be decisive under current or future spring 

conditions.  

 

In the meantime, a further study on a large set of woody species using the twig method was 

published (Polgar et al., 2014). Although using a different experimental setting, and a different 

set of woody species (North American native and invasive species), the results highly mirror 

the results of Chapter 3.1. This study found no effect of photoperiod in 17 species, except for 

American beech (Fagus grandifolia Ehrh.), which is highly comparable to our results, where 1/3 
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of species responded significantly to photoperiod, but effects were rather marginal, except for 

European beech (Fagus sylvatica L.). The results of both studies are also comparable with 

respect to life strategy. Polgar et al. (2014) found both high chilling and forcing requirements for 

native tree species, native shrub species being intermediate, and invasive shrubs showing 

least chilling and forcing requirements.  

A preceding study using the twig method showed that differences in photosensitivity exist 

between life-strategy types (Basler & Körner, 2012). Our study, based on a broader range of 

species, and with a full-factorial design of chilling and photoperiod treatments, supposes that 

these results were possibly biased towards not fully chilled climax species, and fully chilled 

early-successional species. We only found that individuals respond to photoperiod when not 

fully chilled. This suggests that woody species do not use day length to detect spring, as 

supposed earlier, e.g. Körner & Basler (2010), but rather to avoid an extraordinary delay in 

flushing due to lack of chilling after warm winter conditions.  

Chapter 3.1 shows that, depending on an appropriate chilling length, the twig method mirrors 

the budburst sequence of species under natural conditions. According to Vitasse & Basler 

(2014), no significant difference in twig and tree spring development exists when kept under 

identical conditions. This reveals that the phenology of twigs under artificial conditions is a good 

proxy for the phenology of trees under natural conditions. 

Question 2: Are we on the right track to predict spring phenology with climate change? 

(Chapter 3.2) 

While air humidity was proposed to influence the phenology of tree species in the tropics earlier 

(Do et al., 2005; Jochner et al., 2013a), this factor has been, so far, neglected for temperate 

woody species. 

Phenological models, no matter how complex, are not able to predict budburst dates accurately 

(Fisher et al., 2007; Richardson et al., 2013), leave uncertainty with respect to model structure 

and parameterisation (Migliavacca et al., 2012; Olsson & Jönsson, 2014), and predictions are 

usually biased (Blümel & Chmielewski, 2012). The knowledge on physiological processes 

during bud development are scarce, and process-based models are yet to be developed 

(Richardson et al., 2013), although some phenological models are presented as such, e.g. 

DORMPHOT (Caffarra et al., 2011) or Unified Model (Chuine, 2000). Furthermore, a recent 

study indicates that temperature responses obtained by experiments differ considerably from 

those of field observations (Wolkovich et al., 2012). While phenological research assumes that 

temperature and day length are the main limiting factors during bud development, the question 

of how tree water uptake starts in spring is far from trivial, as several publications have shown 

(Cruiziat et al., 2002; Zimmermann et al., 2004; Zwieniecki & Holbrook, 2009; Brodersen & 

McElrone, 2013; Rockwell et al., 2014). A growing body of literature shows that foliar water 

uptake is also a common water acquisition strategy for temperate trees (Boucher et al., 1995; 

Zimmermann et al., 2004; Burgess & Dawson, 2004; Limm et al., 2009; Laur & Hacke, 2014). 

Under natural conditions, absolute air humidity and temperature are highly correlated (Figure 3). 

It thus seemed possible that observed phenological responses of woody species to temperature 

were confounded with effects of air humidity. However, since an increase of temperatures with 
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climate change only partly is accompanied by corresponding changes in air humidity (Dai, 2006; 

Willett et al., 2010), an identification and quantification of the individual effects of temperature 

and air humidity is of relevance for phenological predictions.  

 

Therefore, the second study (Chapter 3.2) assesses if the spring phenology of trees responds 

to air humidity, and investigates possible mechanisms. 

Based on two experiments using the twig method (Table 2), the study shows that high air 

humidity advances budburst of woody species considerably, and suggests that some kind of 

foliar water uptake process might be involved. Based on these results, an analysis of long-term 

climate data of six German weather stations reveals that instead of temperature, an increase in 

absolute air humidity also gives a highly reliable signal of spring. A re-calculation of the data 

obtained in Chapter 3.1 shows that forcing requirements obtained in the experiment were not in 

line with budburst dates from field observations when calculations are based on temperature, 

but this improves considerably when based on absolute air humidity. By revising literature on 

physiological, water-related changes during winter and spring, the study develops the idea of an 

alternative, humidity-triggered framework of the spring phenology of tree species. This 

considers the dormancy and chilling during winter (cold and dry air) as a desiccation process, 

while spring development is a response to increasing air humidity, possibly evoked by foliar 

uptake processes (Figure 3).  

Overall, the study asks if a possible main driver of tree phenology in spring has been 

overlooked in the past, and if temperature indeed is the main limiting, and thus driving factor, for 

the spring phenology of temperate trees.  

 

Recent studies showed that foliar water uptake at high air humidity occurs in drought-stressed 

spruce individuals, and supposed (Laur & Hacke, 2014) or showed (Mayr et al., 2014) that foliar 

water uptake processes contribute to xylem embolism repair in spring. However, the authors do 

not suppose that an air humidity uptake, but rather that snow-melt water at the tree surface 

might contribute to xylem recovery. On the other hand, the fact that wood anatomy influences 

budburst dates (Lechowicz, 1984; Panchen et al., 2014), with small-diameter vessels relating to 

early, and large vessel-diameters relating to late leaf-out dates, equally suppose that water 

availability is a factor for the spring development of trees. Results of a free-air-humidity 

manipulation facility in Estonia showed that leaf fall of birch (Betula pendula Roth) is delayed 

with moderately increased relative humidity (+7%), although no such effect was found for hybrid 

aspen (Populus tremula L. × Populus tremuloides Michx.) (Godbold et al., 2014). However, the 

manipulations were restricted to the growing season, and thus possible effects of increased air 

humidity on the spring phenology of the species remain unclear. Probably the only study that 

investigated air humidity effects on spring development dates back to the 1970s, and reports a 

considerably advance in budburst for potted wine cultivars under increased air humidity (Düring, 

1979). 
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Figure 3:  Scheme illustrating the air humidity based framework of spring phenology.  

(1) Temperature and absolute humidity characteristics during the year, meteorological seasons, and trend 
for relative air humidity (RH) – based on mean daily values 1951-2006, DWD climate station Hohen-
peißenberg, Germany. While temperature and absolute air humidity develop rather parallel, RH increases 
during autumn, and starts to increase during late spring. However, transpiration processes are not 
triggered by RH, but by the gradient of absolute values between cell space air and outside air (Peak & 
Mott, 2011). (2) Rough timing of main phenological phases. (3) Known physiological processes that relate 
to tissue moisture. Winter: Due to frost-thaw cycles, reduced ability to replace water losses due to frozen 
soils, and reduced stem conductivity with low temperatures (Cochard et al., 2000), xylem embolisms 
increase during winter, and cavitation maxima occur shortly before budburst (de Fay et al., 2000; Cochard 
et al., 2001; Cruiziat et al., 2002; Nardini et al., 2011). The stomata activity is determined by an internal 
rhythm (Seidman & Riggan, 1968), and stomata are inactive during winter. Tissue water contents 
decrease, while cells accumulate highly hydrophilic substances (Lipavská et al., 2000; Welling & Palva, 
2006). Spring: Embolism repair takes place, but the exact timing with respect to budburst remains vague 
(often at or shortly after budburst) (Cochard et al., 2001; Fonti et al., 2007; Cufar et al., 2008; Cuny et al., 
2012). The development of root and stem pressure contributes to xylem recovery (Cochard et al., 2001; 
Westhoff et al., 2008), but exact timing with respect to budburst equally remains vague. Stomata activity 
starts, which additionally is influenced by a sharp decrease in ABA concentrations shortly before budburst 
(Rinne et al., 1994). Tissue and bud water content increase sharply, which is related to early bud 
development (Rinne et al., 1994; de Fay et al., 2000; Welling et al., 2004; Yooyongwech et al., 2008). (4) 
Proposed processes of an air humidity based framework of bud development in spring. A simple sensing 
of changes in air humidity might trigger phenological development, as both a decrease during autumn and 
winter, and an increase during spring might be sensed, and promote reactions in plants. The second 
possibility (4a and 4b) is that a dehydration/hydration process takes place, which triggers phenological 
development. (4a) The dormant, passive plant tissue desiccates during winter towards an equilibrium state 
with decreasing absolute air humidity. A reduced stomata activity prevents from lethal water loss, but 
cuticular losses as well as a “programmed dehydration” (Welling & Palva, 2006), which protects against 
frost damage, lead to a dehydration of tissue during winter. (4b) In early spring, a reversed humidity 
gradient might establish, with low absolute humidity in tissue space air, and sharply increasing absolute 
humidity of surrounding air. In combination with high concentrations of hydrophilic substances in cells, and 
reactivated stomata, this gradient might facilitate foliar water uptake. Thus, early stages of bud 
development might be influenced by air humidity changes, until the root- and stem bound water supply 
reaches a sufficient level.  
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4.1.2 Performance of native and invasive herb species with climatic stress events 

Question 3: Do invasive species show a higher homeostasis, and thus higher performance 

than native species with climatic stress events? (Chapter 3.3) 

Overall, the idea persists that invasive plant species will profit from several aspects of climate 

change (Dukes & Mooney, 1999; Thuiller et al., 2007; Vilà et al., 2007; Walther et al., 2009; 

Bradley et al., 2010). Several reviews have discussed possible effects of climatic extreme 

events on plant invasions, and concluded that an increase in the frequency of extreme events 

might have positive, negative or no net effects (Bradley et al., 2010; Diez et al., 2012). The 

reviews agree that, apart from theory-based considerations, knowledge on the stress tolerance 

of invasive species is too limited to allow reasonable predictions.  

On the one hand, invasive plant species often show broad environmental niches (Vilà et al., 

2007; Hellmann et al., 2008) and a high phenotypic plasticity (Davidson et al., 2011). Moreover, 

invasive species often are superior to native species with respect to growth rates (Vilà & 

Weiner, 2004; Pyšek & Richardson, 2007; van Kleunen et al., 2010b), and thus, a lessened 

response to stress, and a faster recovery after stress seem likely. Effects of competition are 

thought to interact with effects of climatic stress events, but only a few studies so far have 

examined possible interferences of both factors. Moreover, knowledge on the sensitivity of 

different development stages to climatic stress is scarce (Beier et al., 2012).  

 

Therefore, the third study (Chapter 3.3) assesses the responses of three invasive species and 

three closely related native species to climatic stresses, and includes differing plants’ life-history 

stages and competitive settings (Table 2).  

The results of this greenhouse experiment show that the stress tolerances of invasive species 

are highly comparable to that of the native congeners and confamilials. The results thus do not 

support the concern that an increase of climatic extreme events will facilitate plant invasions per 

se. However, the data indicate that species, irrespective of native or invasive status, are 

considerably more vulnerable to climatic stress at the seedling stage. Additionally, individuals 

perform worse with increasing stress when grown in competition. This indicates that the 

consideration of both factors is essential for the assessment of stress tolerances, which should 

be considered in future experimental settings. Moreover, rather abrupt species-specific 

thresholds exist, which shows that a prediction of species’ responses based on just two modest 

stress levels, as usually applied (He et al., 2013), is equivocal. 

Q 3.1: Are invasive species more tolerant to climatic stress?  

The results do not support the idea that invasive species are more stress tolerant than native 

species. However, the results suggest that the tolerance to climatic stress conditions might be 

phylogenetically conserved, since closely related species show very similar responses under all 

treatment conditions, i.e. five stress levels, two different development stages and two different 

competitive settings.  
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Q 3.2: How is the stress tolerance of invasive and native species modulated by competition 

and life-cycle stage?  

Competition interacts strongly with climatic stress level. The biomass of individuals grown in 

strong interspecific competition decreases more strongly, and death rates increase more 

strongly, with stress level than for plants grown in mild intraspecific competition. However, there 

are only very slight to no effects of the invasive status. Thus, while competition strongly 

influences the effects of climatic stress, the effects of competition do not differ between invasive 

and native species under climatic stress. 

The life-cycle stage at which stress was applied strongly influences the effects of stress level, 

with individuals in the seedling stage being more sensitive than adult individuals. But as for 

competition, there is no indication that the interaction of life-cycle stage and stress level is 

influenced by native or invasive status of the species. 

 

Out of the few studies that compared the stress tolerance of native and invasive species, rather 

conflicting patterns were reported. Former studies showed that the invasive congener of 

dandelion (Taraxacum officinale agg.) was less drought resistant than the native species (T. 

ceratophorum (Ledeb.) DC.) (Brock & Galen, 2005), and a lower frost tolerance is known for 

invasive balsam species in comparison to the native congener (Skálová et al., 2011). Invasive 

daisies were shown to perform worse than native ones under water stress (Garcia-Serrano et 

al., 2007), and daisies of invasive populations worse than those of native populations under 

water and nutrient limited conditions (He et al., 2010). On the other hand, some studies on non-

related invasive and native species showed a higher homeostasis of the invasive species, and 

found that invasive species suffered less (Collinge et al., 2011; Jimenez et al., 2011), or profited 

more from release of competition (White et al., 2001; Collinge et al., 2011; Mason et al., 2012) 

than native species under climatic stress.  

Thus, it seems unlikely that invasive species per se will resist climatic stress events better than 

comparable native species. Most likely, highly species-specific responses have to be expected 

with an increase in extreme climatic events.  

4.1.3 Expected impacts of climate change on elevational range limits of native 

and invasive species  

Mountain ecosystems are anticipated to be strongly affected by climate change. Temperature 

increases in mountains have so far been much higher than in lowlands (Beniston & Rebetez, 

1996; Beniston et al., 1997; Wang et al., 2014). Moreover, geospatial isolation (Körner, 2007) 

and disproportional decline in land surface with elevation (Rahbek, 1995) limit the area and 

reachability of high elevation refugia. Moreover, many species specialised to mountain habitats, 

as well as whole ecosystems of mountain ranges, depend on the exclusion of temperature-

limited, more competitive species of the lowlands (Grabherr et al., 1994; Theurillat & Guisan, 

2001).  

Much of past climate impact research focused on the alpine regions, such as GLORIA 

(Grabherr et al., 2000; Pauli et al., 2007), for which niche models predict very high species 
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losses with climate change (Thuiller et al., 2005; Randin et al., 2009; Engler et al., 2011). Much 

less is known on possible impacts of climate change on mid-mountain ranges. 

With respect to invasive species, an upward shift has been noticed during recent decades, 

which is at least partly attributed to climate change (Becker et al., 2005; Pauchard et al., 2009). 

Thus, a further upward shift of invasive species into vulnerable mountain ecosystems seems 

likely, which often host a considerable number of rare species.  

Question 4: Will invasive species shift their elevational limits upwards with climate 

change? (Chapter 3.4) 

The fourth study (Chapter 3.4) asks which factors currently influence the elevational range limits 

of two invasive and one native balsam species at a mid-mountain range, the Bavarian Forest 

(Table 2).  

The results show that rather than mean temperatures, combinations of simultaneous 

germination pattern, missing seed bank, frost sensitivity of seedlings, and for himalayan balsam 

(I. glandulifera) the late start of the reproductive phase influence the current elevational limits of 

the species. Therefore, we expect changes in late spring and early autumn frosts, rather than 

increasing temperatures, to trigger future upward shifts of the species with climate change. 

However, an upward shift for invasive himalayan balsam with climate change seems likely, 

since this species might profit from higher mean temperatures during the growing season, and 

thus reach the reproductive phase earlier. A more regular, yearly reproductive success will thus 

also become more likely at higher elevations. However, both invasive species seem to be highly 

prone to spring frost, and an increased frequency will thus challenge existing populations and 

counteract possible positive effects of increasing mean temperatures. 

Q 4.1: Which factors contribute to the current elevational limit of invasive and comparable 

native species?  

A finely tuned interplay of phenology and recurrence of frost events seems to shape the upper 

distribution limits of this genus. While the measurements of functional traits in natural 

populations suggest that a decrease in plant size with elevation, and thus a possible decrease 

in per-capita competitive ability might be of additional influence, these results are not supported 

by the field experiment. Although the invasive congeners responded more plastically to 

elevation in some traits, e.g. size and phenology, these responses were not likely to increase 

fitness. 

Q 4.2: Can we predict future elevational range limits?  

The results reveal that the prediction of future upper range limits is far from trivial, even if the 

main driving factors can be identified. It seems clear that upward shifts will be smaller than 

predicted by mean temperature increases, since the spring frost risks are predicted to increase 

(Inouye, 2008; Kreyling, 2010), and autumn frost are expected to shift only slightly (Menzel et 

al., 2003). 

Our ability to predict the frequency and timing of erratic events, such as future timings of late 

spring frost or early autumn frost events is limited. Moreover, for most of the invasive species, 
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information on the full phenological patterns such as germination, flowering, and fruit ripening is 

unknown, and information on the frost sensitivity of species is usually not available. Therefore, 

the results warn against predictions based on climate envelope models, since for most invasive 

plant species and most regions, none of the mentioned factors are known. 

 

For himalayan balsam, earlier studies assessed latitudinal range limits of the species (Beerling, 

1993; Kollmann & Banuelos, 2004). These studies concluded that a reduction of plant and leaf 

size might reduce competitive superiority at high latitudes (Kollmann & Banuelos, 2004), and 

that growing season length limits the latitudinal range (Beerling, 1993; Kollmann & Banuelos, 

2004). The results of Chapter 3.4 suggest that these findings also explain elevational range 

limits, at least in part. We also found a large reduction in plant size, and that overall growing 

season length plays a role. However, direct effects of competition were not detectable. 

Furthermore, growing season length does not seem to be the best climatic proxy, since the 

period between last spring and first autumn frost is of particular relevance. Laboratory 

assessments of frost sensitivity of all three congeners from Czech populations support our 

finding that invasive congeners are less frost resistant than the native touch-me-not balsam 

(Skálová et al., 2011). Highly simultaneous germination patterns have also been previously 

reported for the genus (Beerling, 1993; Kollmann & Banuelos, 2004; Andrews et al., 2009). The 

fact that a high trait plasticity does not necessarily translate into higher fitness was suggested 

earlier (Davidson et al., 2011), which in the case of balsams supposedly applies for plant size 

and phenology. 

Question 5: How vulnerable are current native mid-mountain ecosystems to climate 

change? (Chapter 3.5) 

The fifth study (Chapter 3.5) analyses community patterns, plant functional traits, and 

environmental niches of native understorey flora along the same elevational gradient (Bavarian 

Forest) to give an estimate on vulnerabilities of the native flora to climate change (Table 2). 

With respect to the current thermal and light niches of the species, functional traits, and 

community assembly, a rather high vulnerability of the montane species in the area has to be 

assumed. Over one third of all species occur at sites colder than the predicted future coldest 

sites, and/or at sites with low tree cover (“vulnerable species”). Plant functional traits show 

distinct responses to both temperature and tree cover. Functional traits of the vulnerable 

species lead to the conclusion that they will suffer from both an increase in competitive 

interactions, and increasing tree cover with climate change. Community traits related to low 

competitive abilities (rosette-type leaves, small plant size) are more common at high-elevation 

sites and with low tree cover. However, analysis revealed that the abundance or diversity of 

understorey species does not restrict the presence of vulnerable species. Thus, tree cover, and 

not diffuse competitive interactions within understorey species, seems to be important. 

Trait adaptations to high elevation sites, such as simple reproduction patterns, will be of little 

advantage under future warmer and longer growing seasons. Thus, competition-driven range 

retractions at the lower elevational limits seem likely. The study suggests that, so far, the 

vulnerability of plant species at mid-mountain ranges has been underestimated. 
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Q 5.1: Are there plant functional traits that explain current elevational distributions?  

Several changes in community weighted mean traits are identified, with communities of higher 

elevations showing traits that facilitate reproduction, and thus are favourable under short or 

unstable summer conditions. Communities at lower sites show more complex reproductive traits 

with higher levels of dicliny. On the other hand, traits that usually relate to a high competitive 

ability of species, such as large plant size or heavier seed, are more common at lower elevation 

sites with higher tree cover. However, the trait patterns in the area are rather complex, since 

both temperature and tree cover seem to be influential. 

Q 5.2: Can we infer the vulnerability of species from community assembly and functional 

traits?  

While we found clear changes with temperature and tree cover for some of the traits, overall 

most of the signals are rather weak, with low percentages of explained variance by temperature 

and tree cover. While trait diversity shows that communities at warm sites with high tree cover 

are mainly shaped by competitive interactions, the analysis of phylogenetic diversity resulted in 

contradictory results. Yet, the main pattern that both increasing temperatures and tree cover are 

linked to communities with considerable influence of competition, and the fact that many of the 

vulnerable montane species show traits related to rather low competitive abilities, increases the 

understanding of possible processes. Thus, the analysis of community assembly and plant 

functional traits allows deeper insights than vulnerability estimates based on climate envelopes 

alone.  

 

Overall, a high percentage of species in the Bavarian Forest is vulnerable to climate change. 

The percentage of vulnerable species was indeed much higher than European-wide studies 

found for species of the mountain or high-mountain belt (Engler et al., 2011). However, results 

are only partly comparable, since that study was based on climatic niche models, and included 

all refugia theoretically available, especially in the Alps. Our results indicate that tree cover 

changes rather than competition by any understorey species will threaten montane species. 

However, detailed predictions on tree species’ range shifts with climate change are also not yet 

available, since an interplay of growing season length (Lenz et al., 2013), absolute minimum 

and growing season mean temperatures (Körner, 2007), frost events during budburst (Kollas et 

al., 2014), and climate variability (Zimmermann et al., 2009) contribute. Furthermore, these 

results stress the need to include traits and biotic interactions into niche models (Laughlin & 

Laughlin, 2013), and to take the spatial isolation into account.  

4.2 Summary with respect to the main research questions 

 How will invasive plant species respond to changes in winter and spring temperatures 

and climatic variability? 

The study on two very abundant invasive balsam species in the Bavarian Forest, himalayan and 

small balsam (Chapter 3.4), revealed that himalayan balsam might particularly profit from 

increased growing season length and growing season temperatures. On the other hand, both 



DISCUSSION 

37 

invasive himalayan and small balsam will be challenged by increased spring frost risks. Thus, 

while changes in mean temperatures might favour invasive species, increasing climatic 

variability will likely hinder upward shifts.  

Invasive herb species were not more resistant to climatic stress events than comparable native 

species (Chapter 3.3). Nevertheless, invasive species as a group might be able to profit 

indirectly from climatic extremes, since propagules might be able to reach disturbed native 

communities faster than native species due to high fecundity, short generation times, and thus 

high dispersal abilities.  

It seems likely that invasive woody species might profit from climate change due to a more 

flexible spring phenology in comparison to native woody species (Chapter 3.1). This suggests 

that, dependent on their individual frost sensitivity, they might gain competitive advantages over 

native woody species.  

Thus, we expect that species will profit or suffer from changes in winter and spring conditions, 

as well as respond to increases in climatic variability in a highly species- and context-specific 

way. While some results suggest that generalisations are possible, invasive status is not a good 

predictor for overall responses to climate change.  

 Will changes in competitive ability influence invasion processes with climate change?  

With respect to anticipated changes in competitive ability, the results indicate that invasive tree 

species might profit from changed winter and spring conditions, and thus take competitive 

advantage of early spring light gain (Chapter 3.1). On the other hand, invasive herb species 

showed no increased competitive ability under climatic stress conditions (Chapter 3.3). Along 

the elevational gradient in the Bavarian Forest, we found signs of decreased competitive ability 

of the invasive species with elevation (Chapter 3.4), which might translate into increased 

competitive ability with climate change. However, these results were obtained by trait 

measurements in existing populations, but not supported by results of the field experiment.  

Thus, while changes in competitive ability will likely influence responses of species to climate 

change, individual changes in competitive ability will depend on species’ identity, the facet of 

climate change under consideration, and context. The studies did not support the idea that 

invasive species as a group will profit from an overall increase in competitive ability, or an 

overall decrease in competitive ability of native species with climate change.  

 Do the seasonal/temporal niches of native and invasive species differ, and is this 

relevant? 

Differences in the seasonal niche seem to play an important role in the current upper range 

limits of balsam species (Chapter 3.4). Simultaneous germination patterns and a low frost 

tolerance expose both invasive species to high risk of spring frost damage, and a long 

development phase until flowering exposes himalayan balsam to reproduction failure with 

autumn frosts. A high overall similarity of the spring phenology of native and invasive woody 

species (Chapter 3.1) suggests that a timely start to the growing season might be a pre-

requisite for successful establishment in a new range. However, slight differences were also 

revealed, hence invasive woody species might respond more flexibly to winter and spring 
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warming, and thus might take advantage of a prolonged growing season (Chapter 3.1). The 

experiment on climatic stresses showed that the timing of stress application, that is, the 

development stages of plant species, is of high importance for individual stress tolerance of 

species (Chapter 3.3).  

While it seems that the phenological development of invasive species needs to be sufficiently 

similar to native species to survive, slight differences in phenology might either give advantage 

due to temporal release of competition, for example for invasive woody species leafing out 

earlier, or disadvantage, e.g. frost exposure of balsam species, under current and future 

conditions. The critical phenological stage might also be different depending on species and 

context, e.g. one balsam species being most prone to seedling establishment and spring frosts, 

the other balsam species being prone to reproduction failure in autumn.  

Thus, invasive species might profit from a temporal niche that is similar, but not too similar to 

that of native species, which was recently supposed to also be advantageous for other traits 

and phylogenetic relatedness (Carboni et al., 2013). Probably similarity is a necessary pre-

requisite for establishment and reproduction in a new range, and slight variation on this offers 

competitive advantages.  

4.3 Novelty, strengths, and shortcomings of the studies 

The following points summarise the novelty and strengths of the studies. While a detailed 

discussion on shortcomings of the chosen approaches and methods is given in the individual 

publications, this chapter discusses some overall deficits. 

It is impossible to design and conduct perfect ecological experiments. As a rule, the deliberate 

change of one treatment factor, is followed by known and unknown “hidden treatments” 

(Huston, 1997). Good planning and experimental design are able to remove some of these side-

effects. Nevertheless, practical constraints as well as a lack of facilities usually result in non-

removable side-effects, which can only be considered to a certain extent.  

 Phenology of woody species 

The studies in Chapter 3.1 and 3.2 used a newly re-discovered method to examine the spring 

phenology of woody species under experimental conditions (twig method).  

In Chapter 3.1 an experimental design was used to disentangle the effects of photoperiod and 

chilling on spring development. The experiment examines the effects of both factors on a, so 

far, unprecedented number of different species at one time (Figure 4). The study furthermore 

introduced a statistical method to phenological research (Survival Analysis), which is 

appropriate to analyse this type of data. Parallel observations of the donor trees allowed 

backing-up of experimental results with real-world budburst chronology, and in the meantime 

further studies (Polgar et al., 2014; Vitasse & Basler, 2014) have also supported the validity of 

the method.  

In Chapter 3.2, the twig method was further developed to study the effects of other factors 

relevant for the spring phenology of woody species. The study used the original twig method 

(twigs in bottles with tap water) to assess effects of differences in air humidity in climate 
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chambers. Furthermore, an even more artificial setting was used (bare twigs without water 

supply from vascular tissue under high air humidity), which allowed to investigate the spring 

development of the buds.  

Thus, both studies contributed to the advance of the twig method, which enables the 

assessment of the spring phenology of woody species in easy-to-use experimental settings, and 

led to ideas on further developments and possible usages of the twig method (Primack et al., 

2015, in press). 

The study in Chapter 3.1 contributed to process-understanding on species-specific phenological 

responses, and showed that chilling, and not day length, is of primary importance for spring 

onset dates. Chapter 3.2 highlighted that air humidity is a neglected factor in current 

phenological research on temperate woody species. The study also stresses the shortcomings 

of correlative research based on phenological field observations, which is not able to parse the 

effects of correlated climatic factors. 

 

 

Figure 4:  Global Change Biology cover page, Issue 20(1) - January 2014.  

The cover picture corresponds to the publication in Chapter 3.1, based on own photographs. 

 

Apart from the mentioned advancements with the twig method, some general problems with this 

experimental setting remain unsolved. The way in which variation of differing chilling lengths 

was applied (twigs cut earlier or later in winter) bears the risk of confounding effects with 

increasing natural day length. Although this problem might be minor, since twigs seem not to 

respond to photoperiod until shortly before the start of development (Zohner, pers. 

communication), the inclusion of artificial chilling seems to be a way forward. For example, 

recent studies in horticultural research (Jones et al., 2013; Sønsteby & Heide, 2014) exposed 

twigs to controlled chilling conditions (e.g. in freezers or fridges) before applying forcing 

treatments. A further, yet unresolved problem with the twig method is that, so far, highly differing 

settings (with respect to temperature, e.g. increasing temperatures or fixed temperatures, night-

day-temperature differences, but also observation frequency and so forth) are in use (Primack 

et al., 2015, in press). It yet needs to be assessed how these treatment differences impact the 
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obtained results. Moreover, a major obstacle remains to be solved: Temperature thresholds 

above/below which temperatures result in forcing or chilling remain unknown. The analysis of 

the data used fixed, species-unspecific thresholds (0°C for forcing, 5°C for chilling) to calculate 

a temperature forcing requirement until budburst and chilling length, which is a gross over-

simplification.  

While there are broad similarities between twig and tree development, it also remains unclear 

how strong the effects of possibly missing root- and stem pressure during spring are. Thus, the 

response strengths of individuals under natural conditions might differ from that of twigs.  

 Climatic stress 

With respect to herb species, a large, gradient-type experiment with several climatic stresses 

was set up to assess effects of climatic stress events (Chapter 3.3). The study is one of the first 

to examine the influence of development stage on stress tolerance, to shed light on the effects 

of competition on stress tolerance, and to use a gradient-type approach surpassing mortality 

thresholds, which so far are understudied. The results show that stress experiments need to 

consider the timing or development stages of plants carefully. Moreover, the competitive setting 

is also of high importance for the responses to stress treatments. The results thus show that 

experiments using only mild stress settings, as often applied, are not sufficient to infer 

responses to more severe stress conditions.  

While there is a plethora of problems related to greenhouse studies, which is discussed in more 

detail in the study of Chapter 3.3, the treatment severity levels, as well as the timing of 

treatments chosen might be criticised as arbitrary. The choice to apply a fixed sequence of 

climatic stress instead of single stress applications is closer to natural conditions, but on the 

other hand decreases the ability to assess effects of single stresses. As in most experiments, 

the use of a broader set of different species would have been favourable to obtain more general 

conclusions on the stress tolerance, but especially to assess if the stress tolerance indeed is 

phylogenetically conserved.  

 Elevational limits 

A combination of a field experiment, and trait measurements (Chapter 3.4) was used to study 

possible triggers of actual range limits of native and invasive balsam species. The experiment 

focused on germination, mortality of individuals, reproduction timing, and influence of 

competition. Trait measurements in the field were used to assess possible effects of trait 

plasticity. Furthermore, the analysis of long-term climate data of the region put the results into 

context. Overall, the combination of both field experiment and trait measurements allowed to 

identify the main factor triggering elevational limits of the species more clearly than each of the 

approaches alone. 

Overall, the trait measurements resulted in a high variability of values, and thus, a higher 

number of sampled individuals or a higher number of sampled populations would have been 

preferable. However, these values were restricted by the number and size of known populations 

in the study area. Moreover, the choice of traits measured might have missed other relevant 
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traits. For the field experiment, a weekly observation would have allowed to distinguish more 

clearly the reasons of individuals’ death.  

 Analysis of relevés 

The analysis of vegetation relevés from the same elevational gradient as in Chapter 3.4 allowed 

an assessment of the vulnerability of native plant species to climate change. A combination of 

analysis of current inhabited climatic niche, plant functional traits, and community assembly 

allowed to highlight the vulnerabilities of single species, as well as to shed light on influential 

traits and factors governing these vulnerabilities (Chapter 3.5). Overall, a broad range of current 

methods in community research was used to disentangle driving factors. Taken together, these 

allow better insights into the driving forces of plant communities under present conditions, and 

thus might contribute to qualitative improvements of future range predictions. The results 

obtained are based on a large dataset (330 relevés), with an exceptionally high number of site-

specific environmental parameters available, and also used a very broad range of plant 

functional traits (N=24).  

However, this does not ensure that the relevant environmental factors were adequately 

addressed, and the use of listed, mean trait values instead of direct trait measurements might 

have obscured trait responses along the elevational gradient. Moreover, some important traits 

might be missing. While the percentage of explained variance overall was in line with 

comparable studies, the low values reveal that either random processes are of high importance 

for community assembly, or that important factors (e.g. climatic extreme events in the past) 

need to be addressed. While some relationships were identified, and reasonable interpretations 

were found, other, even more important influences and relationships remain unknown.  
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5 Outlook  

Overall, the studies compiled in this thesis delivered several novel insights into possible 

responses of invasive and native plant species to climate change. Nevertheless, studying a 

restricted number of species under a restricted set of conditions, many questions remain. The 

following outlook summarises some current shortcomings and missing links in invasion and 

phenological research, and suggests further research topics and approaches.  

 Invasive species – the temporal niche as an understudied, yet highly important trait 

Progress in the identification of simple “decisive” traits that allow prediction of future invasive 

and problematic species has been small (Moles et al., 2012; Kueffer et al., 2013) and slow (van 

Kleunen et al., 2010b). 

The use of large trait databases, which became available rather recently, e.g. TRY (Kattge et 

al., 2011) and BIOLFLOR (Klotz et al., 2002), might deliver further insights. However, traits with 

high species coverage are often rather easy to measure, and not necessarily ecologically 

important for a given site and question (van Kleunen et al., 2010b). Of course, for subsets of 

species more detailed information on important traits, and ecological niches are available, such 

as for temperate trees (Niinemets & Valladares, 2006). Nevertheless, information on, and 

context for trait plasticity remain largely unknown, although of considerable importance (Albert 

et al., 2010; Boucher et al., 2013) under present and future conditions. However, there is only 

very scarce information on the temporal niches of species (apart from very cursory information, 

such as annual/perennial, winter-green/summer-green, etc.), and information on plant 

phenology, if given (for example in BIOLFLOR), usually only encompasses rough average 

values of one phenological stage, e.g. average month of flowering). Information on the 

temperature sensitivity or range of values remains unknown. Given that the phenological 

development and the temporal niche of species is of high importance under current conditions, 

and of utmost importance with respect to climate change impacts, this lack of knowledge is 

astounding. 

Thus, clearly more research is needed with respect to the relevance of temporal niche for plant 

invasions, but also with respect to the broader question of how climate change will impact plant 

species (Wolkovich et al., 2014). At least, it seems a highly valuable aim to identify the most 

critical development phase under current and future conditions. Temporal aspects so far remain 

to be uncovered, in invasion research as well as in many other fields, and to cite a recent review 

on competition experiments, the “critical point is that we just do not know how big an effect 

temporal dynamics have on apparent competitive outcomes” (Trinder et al., 2013). 

 Phenology – from observing changes to understanding processes 

The value of former correlative research in phenology is undoubted, and phenology serves as 

an important, and easy to communicate line of evidence for climate change. Moreover, 

phenological studies clearly showed that species have already responded to temperature 

changes during recent decades. Thus, the field was amongst the first to not only hypothesise 

about the expected future, but to prove ongoing changes.  
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There is yet too little understanding of the relevant baseline processes in phenology. Due to the 

complexity and time-dependency of these processes, correlative studies cannot yet deliver 

concluding answers. We do not know when and which temperatures evoke responses during 

dormancy induction, chilling, or spring forcing. Nor do we know which time frame is of 

importance for which process. However, reliable predictions on future phenology, and 

especially on the start of the growing season, is of high importance for climate change impacts, 

adaptation, and climate predictions. While the following text refers to temperature as the main 

trigger of phenological development, the questions are equally valid for air humidity. 

Experimental work is needed to prove or disprove hypotheses gained by large scale data 

analysis. Most obviously, we need to resolve which temperatures are relevant during forcing, 

and how long the forcing period lasts. Based on these fundamentals, effective chilling 

temperatures, chilling requirements, and responses to reduced chilling could be identified. 

Knowledge of these values would enable more informed analyses and interpretation of field 

observations, but would also help to develop and parameterise more process-based 

phenological models. Wolkovich et al. (2012) highlighted considerable discrepancies in 

temperature responses obtained by experiments and field observations. In contrast to the title 

(“Warming experiments underpredict plant phenological responses to climate change”), the 

study indeed argues that both types of studies are prone to interferences and artefacts, and 

thus true temperature responses remain unknown. Unfortunately, the study is cited as proof 

that experimental results are equivocal (Friedl et al., 2014), and as an argument to conduct 

more correlative studies, e.g. Ellwood et al. (2013), Jochner et al. (2013b). However, as long as 

the mentioned baseline values, and thus the predictors remain unknown (effective 

temperatures and effective period), correlative studies are very unlikely to extract consistent 

temperature responses (Bolmgren et al., 2013; Clark et al., 2014). More likely, they will produce 

a multitude of possible temperature response estimates and patterns depending on often 

arbitrary choices of the predictor values. While predictions based on statistical relationships 

between temperature and phenological onset dates might be sufficient to predict the phenology 

of woody species in the near future, a shift into non-analog climates (Williams et al., 2007) will 

drive current, correlative phenological models out of their calibration range (Richardson et al., 

2013; Olsson & Jönsson, 2014). A prediction of future spring phenology is impossible as long 

as the main drivers are not yet identified. 

The twig method will contribute considerably in assessing these base values, most likely with 

experiments using different fixed temperature values during forcing, and different temperatures 

and treatment time for chilling.  

 Why experiments? 

For good reasons, both correlative research and modelling approaches flourish. The possibility 

to analyse large-area patterns, a multitude of environmental factors, and huge amounts of 

species at a time is highly valuable. Moreover, the increasing volume of available data on 

species distributions, traits, phylogenetic relatedness or environmental factors, together with 
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rapid evolvement of computational power and statistical, modelling, and geographical tools has 

led and will lead to new insights and hypotheses.  

However, the pace of evolving hypotheses in data-rich science is to some extent decoupled 

from the pace that experimental ecologists are able to prove or dismiss. This is unfortunate, 

since in ecosystems an almost indefinite number of current and past drivers interact. It is clear 

that correlations do not imply causal relationships, e.g. Sparks & Tryjanowski (2005), and large 

datasets will not reveal more causation than small ones, except the analysis can fully control for 

confounding effects. 

Experiments on the other hand are hard to design, highly troublesome to undertake, and 

restricted to few species, sites, and treatments. However, anticipating highly non-analog 

climates (Williams et al., 2007), a need for process-orientated and predictive, rather than 

correlative and descriptive, studies is at hand. To conclude, while spurious relationships exist, 

“there are very few useless experiments” (Cousens (1996), cited in Gibson et al. (1999)). 
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Appendix 

A List of focal species  

Type Status Species Chapter 
    

Woody species invasive Acer negundo L. 3.1 

  Aesculus hippocastanum L. 3.1 

  Amorpha fruticosa L. 3.1 

  Cornus alba L. 3.1 

  Fraxinus pennsylvanica Marshall 3.1 

  Juglans regia L. 3.1 

  Pinus nigra subsp. nigra J. F. Arnold 3.1 

  Pinus strobus L. 3.1 

  Prunus serotina Ehrh. 3.1 

  Pseudotsuga menziesii (Mirb.) Franco 3.1 

  Quercus rubra L. 3.1 

  Robinia pseudoacacia L. 3.1, 3.2 

  Symphoricarpos albus (L.) S. F. Blake 3.1, 3.2 

  Syringa vulgaris L. 3.1, 3.2 

 native Abies alba Mill. 3.1 

  Acer pseudoplatanus L. 3.1, 3.2 

  Betula pendula Roth 3.1, 3.2 

  Carpinus betulus L. 3.1 

  Cornus mas L. 3.1, 3.2 

  Corylus avellana L. 3.1 

  Fagus sylvatica L. 3.1, 3.2 

  Fraxinus excelsior L. 3.1 

  Larix decidua Mill. 3.1, 3.2 

  Picea abies (L.) H. Karst. 3.1, 3.2 

  Pinus sylvestris L. 3.1 

  Populus tremula L. 3.1, 3.2 

  Prunus avium L. 3.1 

  Quercus robur L. 3.1, 3.2 

 exotic, Abies homolepis Siebold & Zucc. 3.1 

 non- Acer saccharum Marshall 3.1 

 invasive Acer tataricum L. 3.1 

  Fraxinus chinensis Roxburgh 3.1 

  Juglans ailantifolia Carrière 3.1 

  Juglans cinerea L. 3.1 

  Pinus wallichiana A.B. Jackson 3.1 

  Quercus bicolor Willd. 3.1 
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Type Status Species Chapter 
    

Herbs invasive Ambrosia artemisiifolia L 3.3 

  Hieracium aurantiacum L. 3.3 

  Lysimachia punctata L. 3.3 

 native Achillea millefolium L. 3.3 

  Hieracium pilosella L. 3.3 

  Lysimachia vulgaris L. 3.3 

 invasive Impatiens glandulifera Royle 3.4 

  Impatiens parviflora DC. 3.4 

 native Impatiens noli-tangere L. 3.4 
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B List of publications, conference contributions, and teaching 

B1 List of publications 

Peer-Reviewed 

Primack RB, Laube J, Gallinat A, Menzel A (2015): From observations to experiments in 

phenology research: Investigating climate change impacts on trees and shrubs using dormant 

twigs. Annals of Botany (Viewpoint article, in press). 

Laube J, Ziegler K, Sparks TH, Estrella N, Menzel A (2015)*: Tolerance of alien plant species to 

extreme events is comparable to that of their native relatives. Preslia, 87(1): 31-53. 

Laube J, Sparks TH, Estrella N, Menzel A (2014)*: Does humidity trigger tree phenology? 

Proposal for an air humidity based framework for bud development in spring. New 

Phytologist, 202(2): 350-355 (Letter). 

Laube J, Sparks TH, Estrella N, Höfler J, Ankerst DP, Menzel A. (2014)*: Chilling outweighs 

photoperiod in preventing precocious spring development. Global Change Biology, 20(1): 

170-182.  

With contribution of the issue’s cover picture. ISI highly cited paper (top 1% in 

Environment/Ecology). 

Submitted for Peer-Review 

Laube J, Sparks TH, Bässler C, Menzel A (submitted to Biological Conservation)*: Small 

differences in seasonal and thermal niches influence elevational limits of native and invasive 

Balsams. 

Laube J, Sparks TH, Menzel A, Heibl C, Müller J, Bässler C (submitted to Journal of Vegetation 

Science)*: Beyond thermal niches; the vulnerability of montane plant species to climate 

change. 

In preparation 

Jochner S, Sparks TH, Laube J, Menzel A: Can we detect a nonlinear response to temperature 

in European plant phenology? 

 (* These five publications are part of this thesis.)  

Other publications 

Laube J, Thole A, Kramer C, Menzel A (2014): Es lenzt nicht, ehe es gewintert hat. Phänologie-

Journal des DWD, Nr. 42, Juli 2014, pp. 6-8. 
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Schlumprecht H, Laube J (2012): Monitoring biodiversity of the Thuringian Green Belt. In: 

Marschall I, Gather M & Müller M (eds.): Proceedings of the 1st GreenNet Conference, 31st 

of January 2012, Erfurt, pp. 33-44. 

Laube J (2011): Evaluating short-term effects of restoration using a chronosequence approach 

on bogs in northern Bavaria. Aspects of Applied Biology, 108: Vegetation Management, pp. 

255-258. 

Laube J (2009): Die Revitalisierung der Moore im Steinwald. Ornithologischer Anzeiger 48 (1), 

pp. 36-42. 

Gerstberger P, Laube J (2007): Die Erstellung des Zwischenberichts zur Verbreitung der 

Gefäßpflanzenarten in Nordostbayern. In: Gerstberger P & Vollrath H (eds.): Flora 

Nordostbayerns. Verbreitungsatlas der Farn- und Blütenpflanzen. Zwischenbericht. Stand 

Dezember 2006. Naturwissenschaftliche Gesellschaft Bayreuth, Beihefte zu den 

Berichtsbänden, Heft 6/2007, pp. 3-9. 

B2 Conference contributions 

Talks 

Laube J, Sparks TH, Menzel A, Bässler C (2014): Expected impacts of climate change on 

montane plant species in the National Park Bavarian Forest. 8. BIOMET-Tagung. Dresden, 

Germany. 02.12.-03.12.2014. 

Laube J, Sparks TH, Estrella N, Menzel A (2014): Heat or humidity, which triggers tree 

phenology? EGU 2014. Vienna, Austria. 28.04.-02.05.2014. 

Laube J (2013): Species diversity and climate change at mountain ranges. The Leichhardt 

Symposium on Biodiversity and Conservation. Brisbane, Australia. 23.-24.10.2013. 

Laube J, Sparks TH, Estrella N, Höfler J, Ankerst DP, Menzel A (2013): Chilling × Photoperiod 

– a full factorial experiment on the spring phenology of trees. ClimTree 2013: International 

Conference on Climate Change and Tree Responses in Central European Forests. Zürich, 

Switzerland. 01.-05.09.2013. 

Laube J, Sparks TH, Estrella N, Menzel A (2013): Air humidity: a missing factor in current 

research? 7th Annual Meeting of the Specialist Group for Macroecology of the Ecological 

Society of Germany, Austria and Switzerland (GfÖ). Göttingen, Germany. 13.-15.03.2013. 

Laube J, Sparks TH, Menzel A** (2012): Does life-strategy matter in springtime? Phenology 

2012. Wisconsin, USA. 10.-13.09.2012. 

Laube J, Sparks TH**, Menzel A (2012): Moist and green? Phenology 2012. Wisconsin, USA. 

10.-13.09.2012. 
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Laube J, Sparks TH, Bässler C, Menzel A (2012): How Balsams get to the top. A trade-off 

between adaptation and interaction. NEOBIOTA 2012 – Halting biological invasions in 

Europe: from data to decisions. Pontevedra, Spain. 12.-14.09.2012. 

Laube J, Sparks TH, Menzel A (2012): Response of alien plant species to climatic trends. 6th 

Annual Meeting of the Specialist Group for Macroecology of the Ecological Society of 

Germany, Austria and Switzerland (GfÖ). Frankfurt a.M., Germany. 29.02.-02.03.2012. 

Grebmayer T, Laube J**, Birkel I, Moder F (2009): Strategisches Durchgängigkeitskonzept 

Bayern. 10. Bayerisches Wasserforum. München, Germany. 29.10.2009. 

Laube J, Gerstberger P (2007): Die Revitalisierung der Moore im Steinwald. ANL-Fachtagung 

„Grenzüberschreitender Biotopverbund für Raufußhühner im Mittelgebirge“. Friedenfels, 

Germany. 08.-09. 11.2007. 

(** Speaker, if other than first author.) 

Posters 

Bock A, Jochner S, Laube J, Sparks TH, Menzel A (2014): Focus Group Global Change: 

Climate change impacts on spring phenology. TUM-IAS General Assembly 2014. TUM-IAS, 

Garching, Germany, 10.04.2014. 

Laube J (2012): Alien plant species in habitats of conservational value. Student Conference on 

Conservation Science 2012. Cambridge, Great Britain. 20.03.-22.03.2012. 

Laube J, Sparks TH, Menzel A (2011): Will alien species retain their competitive superiority 

following climate change? 11th International Conference on the Ecology and Managament of 

Alien Plant Invasions - EMAPI 2011. Szombathely, Hungary. 30.08.-03.09.2011. 

Laube J (2011): Evaluating short-term effects of restoration using a chronosequence approach 

on bogs in northern Bavaria. Vegetation Managament, Association of Applied Biologists. 

Sheffield, Great Britain. 27.-28.04.2011. 

Bertermann, D, Laube J, Roßner R, Schlumprecht H (2008): Optimierung der Abfluss-

Regulation in Einzugsgebieten von Mittelgebirgen unter dem Aspekt des natürlichen 

Hochwasserrückhaltes. 5. Marktredwitzer Bodenschutztage. Marktredwitz, Germany. 08.-

10.10.2008. 

B3 Invited talks 

Laube J (2014): Frühjahrsphänologie von Bäumen im Klimawandel - Faktoren, Prognosen, 

Experimente. Phänologie – Kolloquium, Bayerische Landesanstalt für Weinbau und 

Gartenbau (LWG). Veitshöchheim, Germany. 25.11.2014. 

Laube J (2014): Invasive alien species in natural and semi-natural habitats in Bavaria. Seminar 

talk, Systematic Botany, LMU München. München, Germany. 12.11.2014. 
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Laube J (2014): Is moisture a limiting factor of spring phenology? Phenology meeting, 

Systematic Botany, LMU München. München, Germany. 16.09.2014. 

Jochner S, Laube J (2014): Global Change: Advances in Phenological Research. TUM-IAS 

General Assembly 2014. TUM-IAS, Garching, Germany. 10.04.2014. 

Laube J (2013): How climate change alters the timing of spring growth in forests. Scientists 

Meet Scientists – Wednesday Coffee Talk. TUM-IAS, Garching, Germany. 18.12.2013. 

Laube J (2013): Invasive Springkräuter auf dem Weg zum Lusen? Wissenschaftliche 

Vortragsreihe des Nationalparks Bayerischer Wald. St. Oswald, Germany. 12.12.2013.  

Laube J (2013): Some new ideas on chilling, photoperiod, and temperature influence on the 

spring phenology of trees. Seminar talk, Laboratoire d’Ecologie Alpine (LECA). CNRS 

Grenoble. France. 05.12.2013.  

Laube J (2013): Invasive plant species, Competition, and Climate Change. Seminar talk, 

Working Group Invasion Ecology. TUM, Freising, Germany. 18.02.2013. 

B4 Teaching 

Supervision 

Einfluss von Gewebefeuchte und Luftfeuchte auf die phänologische Frühjahrsentwicklung 

temperater Baumarten. Sarah Bauer, Master thesis in „Umweltplanung und 

Ingenieurökologie”, Technische Universität München, in progress. 

Frühjahrsphänologie und Spätfrostgefährdung der Stadtbaumarten „Stadtgrün 2021“. Angela 

Funk, Bachelor thesis in „Agrar- und Gartenbauwissenschaften”, Technische Universität 

München, in progress. 

Die Verschiebung der phänologischen Phasen potentieller Nahrungspflanzen des Rehs 

(Capreolus capreolus L.), während der Setzzeit, als Folge des Klimawandels und die damit 

verbundene zeitliche Änderung der Nahrungsquantität und -qualität. Benjamin Stahl, Master 

thesis in „Forst- und Holzwissenschaft”, Technische Universität München, in progress. 

Simultaneous shifts in seasonal occurrences of eight butterfly species and their fodder plants in 

southern Germany. Hanna Weber, Master thesis in „Umweltplanung und Ingenieurökologie”, 

Technische Universität München, 04/2015. 

Do invasive species cope better with climatic stresses? Kathrin Ziegler, Master thesis in 

“Sustainable Resource Managament”, Technische Universität München, 05/2013. 

Experimentelle Analyse des Knospenaustriebsverhaltens ausgewählter Baumarten hinsichtlich 

ihres Ursprungs. Anja Thole, Bachelor thesis in „Forstwissenschaft und 

Ressourcenmanagement“, Technische Universität München, 05/2012. 
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Experimentelle Untersuchung der Frühjahrsphänologie von Pionier- und Klimaxbaumarten bei 

differierenden Photoperioden. Clemens Kramer, Bachelor thesis in „Forstwissenschaft und 

Ressourcenmanagement“, Technische Universität München, 06/2012. 

Lectures 

Kurzeinführung in R für Master-Studenten. Ecoclimatology, Technische Universität München 

2014. 

Invasionsökologie. Vorlesung Landschaftsökologie. Katholische Universität Eichstätt 2012 & 

2014. Invited lecturer. 

Invasive Arten & Klimawandel. Ringvorlesung Ursachen & Auswirkungen des Klimawandels. 

Technische Universität München 2012-2015. Part of lecturer team, including statistical lecture 

and exam. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


