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Abstract

Abstract
1. The components of global environmental change, including climate change,
land-use change and biological invasions, are threatening ecosystems and
biodiversity worldwide. Of course, these components do not act separately,
but interact and have synergistic effects, though these may be difficult to
assess and remain poorly understood. An increasing number of studies are
examining the effects of climatic changes on plants and ecosystem
functioning, though few have considered the implications for biological
invasions. Climate projections predict not only gradual change in mean
temperature and precipitation, but also more frequent extreme weather
events like droughts, heat waves and floods. As many invading non-native
species are known to tolerate broad environmental conditions, they could be
favoured over natives in a climate with higher average temperatures and
more frequent extreme weather events. In this thesis, I test experimentally
these predictions concerning the effects of climate change on plant invasions.

2. In a common garden experiment I examined the effect of an 1.4°C increase
in mean temperature on plant invasion. For this purpose I distinguished three
plant groups - “non-natives”, “native generalists” and “native specialists” –
and selected seven species in each group. I then created three types of
experimental community by combining the species from two of the three
groups

(i.e.

“non-native-generalists”,

“non-native-specialists”

and

“generalists-specialists”). Both generalists and to a lesser degree non-natives
grew more strongly with a higher temperature, but the specialists showed no
response. The generalists not only profited most from warming but also
turned out to be the strongest competitors. Indeed, competition was the main
driver shaping the communities, while the influence of increased temperature
was weaker than expected. These results suggest that climate warming does
not necessarily promote non-native invaders, but may favour native
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generalists; specialists, on the other hand, seem to be the losers in a changing
climate.

3. After applying the extreme event treatment (drought and flooding), all
three groups showed signs of increased stress, though they appeared to
recover during the following two months until harvest. There were no grouplevel differences, but many species showed individual reactions to drought or
flood, including effects upon germination, survival and flowering that could
influence community composition. Interestingly, warming never had an
interacting effect with extreme events, and there was no evidence that the
extreme events altered the balance of species in favour of non-natives. Overall
the results again support the conclusions of the warming experiment that
competitive differences among species affected community composition more
than the climate treatments.

4. In a field experiment I tested whether an extreme summer drought could
facilitate an altitudinal range expansion of the two non-native invasive species
Erigeron annuus and Epilobium ciliatum. The growth of both species was
reduced by drought and enhanced by disturbance. At sites above their
altitudinal range, the species showed contrasting responses. Erigeron annuus
was affected by drought only when growing in competition, whereas
Epilobium ciliatum was impacted in both the disturbed and competition plots.
These findings suggest that an extreme drought will only promote
populations of non-native species when it substantially reduces the vigour of
the native vegetation. However, as the ecological impact of drought declines
with elevation and the competitive ability of the native vegetation hardly
decreases, even after extended dry periods, such an event is unlikely to
facilitate the expansion of non-native species beyond their current altitudinal
limits.
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5. This thesis demonstrates that the generally accepted presumption that
climate change will promote invasion processes by non-native species needs
to be re-examined. Success under a changing climate depends not only upon a
species’ ability to profit from favourable conditions (e.g. warming) or to resist
increased stress, but also upon how the competing species respond to these
changes. My results suggest that an extreme event is unlikely to disturb the
established competitive hierarchy and promote invasion unless the
established vegetation is affected very severely. Furthermore, climate change
may favour native generalist species just as much, or even more than, nonnative species; indeed, such species could even become more problematic
than some non-native invaders in the future.
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Zusammenfassung
1. Die Klimaveränderung, aber auch Landnutzungsänderungen oder
biologische Invasionen bedrohen Ökosysteme und ihre Artenvielfalt
weltweit. Diese Faktoren des globalen Wandels jedoch agieren selten alleine,
sondern beeinflussen sich gegenseitig und können dadurch ihre negative
Wirkung noch verstärken. Wie diese synergistischen Prozesse ablaufen und
welche Folgen sie zeitigen, ist schwierig zu erfassen und bleibt bislang
weitgehend unverstanden. Die Auswirkungen der Klimaveränderung auf
Pflanzen und Ökosystemfunktionen werden bereits seit längerem umfänglich
erforscht,

wobei

sich

ein

weitaus

kleinerer

Wissenschaftskreis

der

Untersuchung von klimabedingten Pflanzeninvasionen widmet. Prognosen
hinsichtlich

des

zukünftigen

Klimas

sagen

nicht

nur

graduelle

Veränderungen der mittleren Temperatur oder des Niederschlags voraus,
sondern ebenso häufigeres Auftreten extremer Wetterereignisse wie z.B.
Hitzewellen oder auch Starkniederschläge mit Dürren beziehungsweise
Überschwemmungen als Folge. Da viele invasive, nicht einheimische Arten
(=Neophyten) ein breites Spektrum an Umweltbedingungen tolerieren,
könnten

sie

sich

bei

höheren

Temperaturen

sowie

häufigeren

Extremwetterbedingungen gegenüber einheimischen Arten als überlegen
erweisen. Anhand eines experimentellen Ansatzes testete ich, ob der
Klimawandel invasive Neophyten tatsächlich fördern könnte.

2. In einem Gartenexperiment untersuchte ich den Einfluss erhöhter
Temperatur (+1.4°C) auf den Invasionsprozess durch invasive Neophyten.
Dafür stellte ich drei verschiedene Pflanzengruppen zusammen - „invasive
Neophyten“, „einheimische Generalisten“ und „einheimische Spezialisten“ jede bestehend aus je sieben Arten. Durch die Kombination von jeweils zwei
Gruppen bildete ich drei experimentelle Pflanzengesellschaften („NeophytenGeneralisten“, „Neophyten-Spezialisten“, „Generalisten-Spezialisten“). Die
Generalisten und in bedeutend geringerem Masse auch die Neophyten
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wurden durch die erhöhte Temperatur gefördert, hingegen zeigten die
Spezialisten in Folge der Erwärmung eine eher negative oder gar keine
Reaktion. Die Generalisten konnten nicht nur am meisten von der
Erwärmung profitieren, sie offenbarten sich auch als die stärksten
Konkurrenten. Schliesslich war die Konkurrenz der entscheidende Faktor,
welcher

die

Struktur

der

verschiedenen

Pflanzengemeinschaften

bestimmte. Der Einfluss erhöhter Temperatur jedoch war unerwartet
schwach. Diese Resultate lassen mich folgern, dass die Klimaerwärmung
nicht unbedingt die invasiven Neophyten fördert, sondern vielmehr die
einheimischen

Generalisten.

Es

scheint,

als

gehörten

zudem

die

einheimischen Spezialisten zu den Verlierern, falls die globalen Temperaturen
weiterhin steigen.

3. Nach der Simulation extremer Wetterereignisse (Trockenheit und
Überschwemmung) zeigten zwar alle drei Pflanzengruppen klare Anzeichen
von Stress, anscheinend konnten sie sich bis zur Ernte jedoch wieder erholen.
Die Pflanzengruppen unterschieden sich nicht in ihrer Reaktion auf
Trockenheit

oder

Überschwemmung,

Extremwetterbedingungen

sehr

allerdings

art-spezifisch.

Auch

wirkten

die

könnten

die

beobachteten Veränderungen der Überlebens-, Blüh- und Keimungsraten
einzelner

Arten

einen

beträchtlichen

Einfluss

auf

die

zukünftige

Zusammensetzung der Pflanzengesellschaften ausüben. Interessanterweise
beeinflussten die experimentell erhöhten Temperaturen die Wirkung der
Extremereignisse nie. Es ergaben sich auch keine Hinweise, ob Trockenheit
oder

Überschwemmung

die

Konkurrenzverhältnisse

in

den

Pflanzengesellschaften zugunsten der Neophyten hätte verschieben können.
Generell

bestätigen

diese

Resultate

die

Schlussfolgerungen

des

vorhergehenden Kapitels, dass nämlich der Einfluss des Effektes der
Konkurrenz denjenigen der Klimamanipulationen überwiegt.

4. In einem Feldexperiment habe ich getestet, ob eine extreme Dürreperiode
im Sommer die Ausbreitung von zwei invasiven Neophyten (Erigeron annuus
5
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und Epilobium ciliatum) in höhere Lagen begünstigen könnte. Beide Arten
wuchsen schlechter unter trockenen Bedingungen, wurden jedoch auf
gestörten

und

offenen

Flächen

gefördert.

Oberhalb

ihres

aktuellen

Verbreitungsareals reagierten die beiden Arten auf unterschiedliche Weise:
Erigeron annuus war nur negativ von Trockenheit beeinflusst, wenn sie in
Konkurrenz mit der einheimischen Vegetation wuchs, während Epilobium
ciliatum zusätzlich auch auf gestörten Flächen und somit auch ohne
Konkurrenz

unter

trockenen

Bedingungen

schlechter

gedieh.

Diese

Ergebnisse weisen darauf hin, dass eine sommerliche Dürre invasive
Neophyten nur dann begünstigen kann, wenn sie gleichzeitig auch die
Konkurrenzstärke der einheimischen Vegetation schwächt. Es hat sich
allerdings gezeigt, dass der negative Einfluss einer Dürreperiode mit
ansteigender Höhe abnimmt und somit die Konkurrenzfähigkeit der
einheimischen Vegetation trotz Trockenheit ab einer gewissen Höhe kaum
reduziert ist. Deshalb kann davon ausgegangen werden, dass eine extreme
Dürre

die

Ausbreitung

invasiver

Neophyten

über

ihr

aktuelles

Verbreitungsareal hinaus kaum begünstigt.

5.

Aus

den

vorliegenden

Untersuchungen

geht

hervor,

dass

die

allgemeingültige Annahme, die Klimaänderung fördere hauptsächlich
invasive Neophyten, revidiert werden muss. Wenn eine Pflanze unter
veränderten Klimabedingungen erfolgreich sein soll, ist das nicht nur von
ihrer Stressresistenz oder ihrer Fähigkeit, von günstigen Bedingungen (z.B.
höhere Temperaturen) profitieren zu können, abhängig, sondern vor allem
auch davon, wie die konkurrierenden Arten auf die Veränderungen
reagieren. Meine Resultate zeigen, dass ein Extremereignis die bestehenden
Konkurrenzverhältnisse einer Pflanzengesellschaft nur dann verändern kann,
wenn

es

schwerwiegende

Störungen

verursacht.

Zudem

könnten

einheimische Generalisten genauso oder sogar noch mehr von der
Klimaveränderung profitieren als invasive Neophyten. Diese könnten
wertvolle Habitate somit noch mehr gefährden als einige invasive Neophyten.
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General Introduction
Global environmental change is increasingly putting ecosystems and
biodiversity at risk at a number of different levels (Chapin III et al. 2000). The
main drivers of this on-going global ecological change are climate change,
land transformation, nitrogen deposition, elevated CO2 concentrations and
biological invasions (Sala et al. 2000). Although each of these aspects has been
studied in detail by the modelling and forecasting communities, their
combined effects remain poorly explored and are far more difficult to assess.
However, interactions between two or more of these aspects are very likely to
occur, for example between climate change and biological invasions (Dukes
and Mooney 1999, Thuiller et al. 2007, Vilà et al. 2007). Changing climate in
particular is expected to promote invasion processes and further facilitate
negative impacts on biodiversity and ecosystem services. Here I address this
issue using an experimental approach to study the influence of climate change
on plant invasions, and to more accurately predict the effects of climate
change on the future spread of invasive species.

Climate change and its influence on plants and ecosystems
According to recent climate model predictions, the average surface
temperature of the earth will increase over the next one hundred years by 2 to
6.4°C (IPCC 2007). Additionally, global precipitation patterns are expected to
change at temporal and spatial dimensions (IPCC 2007). Importantly, climate
change may manifest itself in two fundamentally different ways: firstly,
global climate change involves changes in mean states, such as temperature
and precipitation, and secondly it involves changes in their temporal and
spatial variability (IPCC 2007, Seneviratne et al. 2012). As a consequence, the
frequency and severity of extreme weather events such as drought, heavy
rainfall and heat waves is expected to increase (Salinger 2005, Frei et al. 2006,
Vidale et al. 2007). Even if an increase in climatic extremes has already been
observed since 1950, projections of future changes in climatic variability are
7
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very uncertain and demonstrate strong spatial and temporal heterogeneity
(Giorgi et al. 2004, Seneviratne et al. 2012).
It is clear that both aspects of climate change (changed variability and changes
in mean values) will have important ecological consequences, including
having an effect on species distribution, diversity and survival (Easterling
2000, Walther et al. 2002, Jentsch and Beierkuhnlein 2008). Under the
observed rapid mean temperature increase many species will not be able to
track the climate they are currently adapted to and shift their ranges
accordingly (Davis and Shaw 2001). Therefore, the species’ ability to respond
to altered climatic conditions through phenotypic plasticity or adaptation will
be a crucial factor with regard to the future persistence of a species (Davis et
al. 2005). Indeed, many studies already provide evidence for climatically
induced range shifts, extinctions, altered phenological patterns and changed
biological interactions, as well as evidence for rapid evolution and adaptation
(Grabherr et al. 1994, Menzel et al. 2006, Parmesan 2006, Cleland et al. 2007,
Schweiger et al. 2008, Cleland et al. 2012, Gottfried et al. 2012, Wipf et al.
2013).
Although many observational studies also report massive alterations of
ecosystems and services caused by extreme climatic events (e.g. Allen and
Breshears 1998, Ciais et al. 2005, Mueller et al. 2005), studies attempting to
systematically investigate the ecological impact of extreme events through
experimental and model-based approaches have by and large been less
successful in their ability to predict the effects of climate change on ecology as
compared with studies attempting to predict the effects of gradual changes in
mean climatic states (Smith 2011a). On the one hand, the ability to predict the
occurrence and severity of extreme climatic events remains very inadequate
(Seneviratne et al. 2012), while on the other hand, methodologies making use
of experimentally-simulated extreme events to study ecological impacts are
still a controversial issue (Smith 2011a, Beier et al. 2012). As a result, the
factors governing the response of species, communities or ecosystems to
extreme events are still poorly understood. Nevertheless, many ecological
8
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processes seem to be influenced more by extreme events than by gradual
climatic changes (Parmesan et al. 2000, Jentsch et al. 2007), highlighting the
urgent need for further research in this field (Easterling 2000, Jentsch and
Beierkuhnlein 2008).
Over the last several years however, a growing number of scientists have
become concerned with the experimental investigation of the effects of
extreme climate events on biodiversity and ecosystem processes. For example,
one such study by Jentsch et al. (2009) reported earlier mid-flowering dates as
well as a prolonged flowering length in grasses and dwarf shrubs subjected to
an extreme drought event, while heavy rainfall had no influence on the midflowering-day but reduced the duration of the flowering period. These
observed phenological shifts were of the same magnitude as one decade of
gradual climate warming (Jentsch et al. 2009), and may have important
implications for biotic interactions such as plant-pollinator systems
(Schweiger et al. 2010). Several studies also observed changes in community
composition and structure, for example after heavy rainfall and an extreme
warm event (White et al. 2000), after summer drought (Stampfli and Zeiter
2004, Evans et al. 2011, Kreyling et al. 2011) or after an above averagely hot
winter followed by a summer drought (Sternberg et al. 1999, Grime et al.
2000).
However, the response of communities to extreme events largely depends on
the characteristics of the respective ecosystems and the prevailing climatic
regime (Parmesan et al. 2000, Smith 2011b). For example, the same
experimental climate treatments in northern and southern Europe revealed
the warm-dry sites in the south to be the most drought sensitive (Peñuelas et
al. 2004). Similarly, a study by Miriti et al. (2007) also provides evidence that
dry habitats may be more vulnerable to droughts. However, large changes in
community composition in arid and semi-arid ecosystems have been found to
predominate occur after extreme precipitation events (Holmgren et al. 2006).
This is of particular concern as climate projections indicate an increase in
heavy rainfall events for certain xeric systems (Knapp et al. 2008).
9
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Besides studying the impact of extreme events on changes in community
composition, research also focused on impacts to ecosystem functioning:
Kahmen et al. (2005) found that drought reduced aboveground productivity
independently of species diversity, but enhanced belowground productivity if
communities were more diverse. The study concluded that plant diversity
may be a crucial factor in maintaining ecosystem functioning under a
changing climate. Jentsch et al. (2011) studied 32 response factors related to
ecosystem functioning and found that while most of the physical, chemical,
microbial and community parameters were significantly altered by an
extreme drought, primary productivity and its associated response factors
were unaffected. These findings emphasize the complexity of the changing
relationship between biotic and abiotic interactions under changing climate
scenarios, particularly for ecosystems, which function under conditions of
extreme drought.

Climate change and plant invasions
The two features of climate change, gradual change and change in variability,
are expected to influence the invasion process in two principal ways. While
gradual change (in this case gradual increase in mean temperature) may
promote range expansion in the non-native species into areas which were
formerly climatically unsuitable for them (Walther et al. 2009), a change in
variability on the other hand (increased frequency of extreme events) may
drive the invasion process by decreasing the biotic resistance of the native
vegetation. This may also include large-scale disturbances which are likely to
facilitate the colonisation of non-native invasive species (Diez et al. 2012).
Successful invasion is always dependent on the invading species’
“invasiveness” and on the habitat’s ability to be invaded (“invasibility”)
(Alpert et al. 2000). In the following section I illustrate how these two different
aspects of climate change will influence the invasion process in terms of
plants’ invasiveness and the habitat’s invasibility.
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Gradual temperature increase
The potential of a non-native species to become invasive in a particular
habitat has been shown to be influenced by climatic conditions (Dukes and
Mooney 1999, Walther et al. 2009). An increase in mean temperatures for
example will increase the suitable ranges which species are able to colonize
(Vilà et al. 2007). For those species whose native ranges are warmer than in
the introduced range, a temperature increase will be advantageous in terms of
longer growing seasons and also very importantly the lengthening of the
reproductive period (Berger et al. 2007). Furthermore, winter mortality will be
decreased due to less extreme cold events (Vilà et al. 2007). These climateinduced ameliorated growing conditions may equally favour different native
species but the potential for non-native invasive species to compete and
spread is expected to be greater due to the presence of several traits common
to most invasive species. Indeed, invasive non-native species tend to tolerate a
wide range of environmental conditions and hence can also better tolerate
changing climatic conditions (Dukes and Mooney 1999). Invasive species are
also likely to track shifting climatic zones more easily due to their better
ability to disperse over long distances (Rejmanek and Richardson 1996).
Finally, the ranges of non-native species are seldom limited in their
introduced range because of missing pollinators or seed dispersers, and
appear to be particularly adept at establishing new relations with mutualists
(Richardson et al. 2000). In contrast native species are more likely to
experience fatal consequences as a result of climate-induced disruption of
mutualistic relationships, for example when mobile animal species shift their
range rapidly, but their forage plants are unable to do so (Schweiger et al.
2010).
A plant community may become vulnerable to invasions if impacts due to
climate change decrease the ability of the native species to compete (Thuiller
et al. 2007). Gradual climate change will only disturb the equilibrium of
communities very slowly; however, temperature-sensitive systems such as
alpine or arctic ecosystems have already been observed to respond to the on11
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going mean temperature increase through species losses and changes in
community composition (Engler et al. 2011, Gottfried et al. 2012). The
susceptibility of communities to invasion appears to be enhanced where the
system has already been altered by the loss of dominant species ( often
keystone species) (Zavaleta and Hulvey 2004). If climate change particularly
affects such keystone species and their populations decline as a result, betteradapted non-native species could readily colonize these disturbed and
uncompetitive communities (Zavaleta and Hulvey 2004, Walther et al. 2009).
Studies examining a warming induced increase in invasibility of grassland
communities are rare (but see Moradi et al. 2012). However it never has been
experimentally tested if different types of grassland communities exhibit
different susceptibility to invasion when temperatures increase.

Changed climate variability (Extreme events)
In the case of global scale ecological processes (Parmesan et al. 2000), extreme
events may be stronger drivers for invasions than changes in the means
(warming, gradual change in precipitation patterns). Gradual changes mainly
involve slow and steady transformations of ecosystems, while extreme events
may cause short-term impacts with the potential for completely throwing
communities off balance (Jentsch et al. 2007).
Diez et al. (2012) differentiate between two different categories of extreme
events which may influence the invasibility of a community: disturbance events
and stress events. The first one may initiate a general die-off for most of the
native species or communities. As a result this open gaps in the vegetation
may be populated with fast-colonizing non-native species. Indeed, non-native
invaders are often ruderal plants, which are capable of taking up available
resources efficiently and therefore may be particularly favoured after
disturbance and the associated resource pulses (Davis et al. 2000, Py!ek and
Richardson 2007). The other type of extreme event (stress event) stresses
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rather than kills resident species and invasion is successful if natives recover
at a slower rate than non-natives (Diez 2012). A study by Mason et al. (2012)
for example found that drought reduces the ability of the native species to
compete with non-native invaders, suggesting that climate change will likely
increase the dominance of invasive species.
However, in both cases (disturbance and stress) successful invasion is only
possible if invading species own traits under a given set of abiotic conditions
favour them above natives. Since non-native species commonly have broader
environmental tolerances than native species (Dukes and Mooney 1999,
Richards et al. 2006, Hulme 2007), one might expect the spread of non-natives
to be favoured by extreme events. The studies by Vandersande et al. (2001)
and Song et al. (2010) confirm these expectations: while the former describes
how the invasive non-native Tamarix ramosissima is more drought and salt
tolerant than co-occurring native riparian species, the latter reports decreased
biomass due to an extreme heat event for the natives but not for the nonnatives.
Nevertheless, to my knowledge there is currently no study confirming a
general trend in non-natives being favoured by extreme events above natives,
even though many ecological theories would support this assumption.
Moreover, some authors suggest that native generalist species, which are
invasive on other continents, have similar traits and are equally
phenotypically flexible compared with invading non-native species (van
Kleunen et al. 2010, Palacio-López and Gianoli 2011). Native generalists could
therefore likewise be favoured under a changing climate, and changing
environmental conditions may be particularly problematic for habitat
specialists, which are not only less flexible, but may also depend on specific
mutualists (Schweiger et al. 2010).
To date, studies on non-native plant invasions under both mean temperature
increase and the occurrence of extreme events are few (but see Sheppard et al.
2012). Moreover, experiments using more than one group of native species
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(e.g. generalists vs. specialists) examining the effects of climate change on
plant invasions do (to the best of my knowledge) not exist. Furthermore, it is
not clear how climatic factors such as extreme events might favour the spread
of non-native species beyond their current range. Experimental studies
investigating the underlying processes of climate change on the performance
of native and non-native species, the spread of non-native species, but also on
the invasibility of native communities are needed.

Outline of the thesis
In this thesis, an experimental approach was chosen in order to study the
influence of current and predicted future climate change on plant invasions.
Using non-native invading plants, native generalist and native specialist plant
species I aim to examine the response of these three groups of plants to
increased mean temperature, the occurrence of extreme events and to the
combined effects of warming and drought or flood. I further investigate how
an extreme drought event may facilitate the spread of two 'non-native species
with contrasting ecology, which are currently at the threshold of becoming
invasive in Switzerland.
Chapter 1: Native generalist plants profit more from climate warming than nonnative invaders. In a three-year garden experiment, I assembled three types of
plant communities by growing seven species of each community type (“nonnative-generalists”, “non-native-specialists” and “generalists-specialists”) in
pots. I compare the response of non-natives, native generalists and native
specialists to higher temperature. The aim of the study was to investigate
whether mean temperatures promote non-native invaders more than native
species. Furthermore I wanted to assess whether community composition
influences the species’ response to simulated climate warming.
Chapter 2: No direct effect of extreme events on plant invasion. Using the same
experimental set-up as in chapter 1, I further investigated the effects of
14
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extreme events, particularly drought and flood, and their respective
combined effects with higher mean temperature. In order to assess the legacy
and transgenerational effects of extreme events on species, I use
measurements of biomass, subsequent winter survival and flowering rate,
and the germination rate of seeds produced by mother plants experiencing
extreme events. Similar to in chapter 1, my aim was to investigate whether
non-native invaders are favoured to a greater extent by extreme events and
whether native species are less able to compete due to enhanced abiotic stress.

Chapter 3: Drought and disturbance may promote the range expansion of invasive
species. In a field experiment I assessed the influence of drought on two nonnative species and on the native vegetation along an altitudinal gradient. The
study species were transplanted directly into the native vegetation and into
unvegetated soil. This was in order to investigate the species’ ability to grow
and reproduce under drought stress within and beyond their range margin.
The aim of this study was to examine the performance of the species under
the two different types of extreme events (disturbance vs. stress) (Diez et al.
2012). I was further interested if disturbance or stress might favour range
expansion of the two non-native species.

Chapter 4: In this chapter, I discuss how the two different aspects of climate
change (change in the mean state vs. change in variability) may influence
plant invasions. I furthermore propose a methodological framework using
three different model systems (rich pasture communities harbouring mainly
generalist species, mixed communities with habitat generalists and habitat
specialists and highly specialized communities) and demonstrate how these
communities are likely to develop under the influence of extreme events.
Finally I discuss the methodological approach used in my study and show the
direction of further research in the field of plant invasions and climate change.

15
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Abstract
It has been suggested that the spread and establishment of non-native plants
may be promoted by climate warming, but it remains unclear whether some
native plant species may also benefit. In a three-year garden experiment, we
investigated the influence of elevated mean temperature and the role of the
community composition on non-native, native generalist and native specialist
plant species. We created three types of plant community by growing in pots
seven species each of three different categories (i.e. “non-natives-generalists”,
“non-natives-specialists” and “generalists-specialists”). Half of the pots with
the three communities were placed in open top chambers, which increased
ambient temperature on average by 1.3°C. Against expectation, native
generalists responded more positively to increased temperature than nonnative plants, while specialists did not benefit at all. For all plant groups, the
response to warming was never influenced by the community composition.
Our results suggest that climate warming may favour not only non-native
species but also native generalists. The increasing abundance of these two
groups is likely to result in the decline of many specialist species, which will
be the losers under a changing climate.

Key words: plant invasion, climate warming, non-native species, specialists,
generalists, biotic homogenisation
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Introduction
It has been predicted that the average surface temperature of the Earth will
increase over the next century by between 2 and 6.4°C (IPCC 2007). This
warming will have profound consequences for individual organisms,
populations, ecosystems and ecosystem processes (Walther et al. 2002,
Parmesan and Yohe 2003, Root et al. 2003, Walther 2003). Even now, there is
evidence that warming is shifting the ranges of some species towards the
poles (Walther et al. 2005, Aerts et al. 2006, Parmesan 2006) and to higher
altitudes (Lenoir et al. 2008, Gottfried et al. 2012, Wipf et al. 2013), altering
phenological patterns (spring events) (Fitter and Fitter 2002, Sparks and
Menzel 2002, Cleland et al. 2012), and influencing interactions among species
(Suttle et al. 2007, Tylianakis et al. 2008, Gilman et al. 2010, Schweiger et al.
2010).
Another important aspect of global change that will potentially be
compounded by climate warming is the range expansion of non-native plant
species (Thuiller et al. 2007, Vilà et al. 2007, Walther et al. 2009). It has been
argued that many non-native, invasive plant species exhibit several features
that might enable them to flourish under a changed climate. First, non-native
plants arriving from warmer habitats will profit if the temperature in the new
home range increases (Vilà et al. 2007) and extreme cold events, including
frost in winter, decrease (Walther et al. 2007). Second, because many invasive
plants have a short generation time and high dispersal ability they may
rapidly track climate change (Hulme 2009). Third, high phenotypic plasticity
may enable invaders to respond to different environments (Richards et al.
2006), for example by adjusting their flowering time (Willis 2010).
Some of these features, however, also apply to native plants, especially
abundant and widespread species. For example, several authors found that
common native species, many of which are introduced and invasive
elsewhere, also exhibit high phenotypic plasticity (van Kleunen et al. 2010,
Godoy et al. 2011, Palacio-López and Gianoli 2011, Thompson and Davis
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2011). Therefore, we can speculate that climate warming might favour not
only non-native plants but also native generalist species, while specialized,
less plastic native plants would be disadvantaged (Schweiger et al. 2010).
Consistent with this idea, a global trend may be noted towards biotic
homogenisation, with specialists becoming less abundant and generalist and
non-native species increasing (Clavel et al. 2010).
While at a large scale the presence of non-native species seems to play a major
role in biotic homogenisation (Wiegmann and Waller 2006, Kerbiriou et al.
2009), at regional and local scales the negative influence of non-native species
has not been proven (Smart et al. 2006, Bühler and Roth 2011). On the other
hand, an increase of native generalists does sometimes lead to a depletion of
the local flora (Smart et al. 2006); for example, nutrient-demanding generalist
species have become more prominent in recent decades in many agricultural
grasslands in the Swiss Alps, including both nutrient-poor, semi-natural
grasslands (Peter et al. 2008) and more fertile hay meadows (Homburger and
Hofer 2012). In these examples, land-use change and intensified management
were identified as the main causes for the changes in species composition,
though increasing temperatures could also have played a role. Indeed,
Moradi et al. (2012) found that higher mean temperatures led to the
colonization of wetlands by thermophilous, rich-soil indicator species, while
more specialized fen species disappeared. And it has been argued that
warmer temperatures in mountain habitats will also increase invasion, both
by native and non-natives species (Pauchard et al. 2009).
Few studies have investigated specifically how climate warming will affect
invasive non-native and different types of native plant species (but see
Sheppard et al. 2012). In particular, there appear to have been no experiments
to investigate whether a warmer climate will favour generalist over specialist
species. Moreover, most experiments to investigate how global change might
affect plant invasions have been limited in their scope, comparing, for
example, the growth of congeneric native and non-native species pairs
(Verlinden and Nijs 2010, Dickson et al. 2012, Verlinden et al. 2013), or using a
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single native competitor (Blumenthal and Hufbauer 2007, He et al. 2012), or
introducing the invading species to a single community type (Moser et al.
2011, Sheppard et al. 2012). However, the success of invading non-native (or
native) species under warmer climate will also depend on how the invaded
community reacts to these changes, and this reaction in turn depends upon its
species composition (Walther et al. 2009). Indeed, the importance of including
species interactions in climate change experiments was stressed by Klanderud
and Totland (2005), who found that climate mediated shifts in biotic
interactions can lead to changes in community composition.
Here we present data from a three-year experiment in which native generalist,
specialist and non-native species were grown together in different
combinations. We combined each group of species with each other and
exposed the resulting three different plant communities to ambient and
enhanced temperatures.
We hypothesized that warming would positively influence the growth and
flowering of non-native plants, while native plants would be less or even
negatively affected. As a consequence, we expected the non-native plants to
become gradually more dominant. Thus, even if warming did potentially
increase the growth of native plants, we expected this effect to be outweighed
by the stronger responses of non-native species.
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Material and methods
Study species
We selected three groups of seven plant species (Tab. 1): native habitat
specialist

species

(“specialists”),

native

habitat

generalist

species

(“generalists”) and invasive non-native species (“invaders”). Each group
included grasses (C3), legumes and non-leguminous forbs.
The specialists were all native species characteristic of the ‘Brometum’ dry
meadow community (Delarze and Gonseth 2008), an assemblage associated
with nutrient-poor, extensively managed sites. The generalists were all native
species that occur across a broad range of environmental conditions in
Switzerland, and are invasive in some other parts of the world (Tab. 1). For
these two native groups, congeneric or confamilial pairs were chosen, one
being a specialist, the other a generalist. The choice of the non-native invasive
species was based on their invasiveness and distribution according to the
following sources: Becker et al. (2005), Wittenberg et al. (2005), CPS/SKEW
(2009).
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Table 1: Study species and their family, functional group, life form and ecological group. For the generalists the region/country where they are invasive is given
(exotic range), for the invaders the continent of origin is given (native range). It is indicated for all species in which year data for analysis could be obtained.
Family

Functional group

Life form

Ecological group

Native range/ exotic range

2009

2010

2011

Brassicaceae
Poaceae
Asteraceae
Caryophyllaceae
Fabaceae
Scrophulariaceae
Scrophulariaceae

Forb
Grass
Forb
Forb
Legume
Forb/
Forb

u
h
h
h
h
h
h

S
S
S
S
S
S
S

-

x
x
x
x
x

x
x
x
x
x

x
x
x
x
-

Brassicaceae
Asteraceae
Poaceae
Fabaceae
Scrophulariaceae
Scrophulariaceae
Caryophyllaceae

Forb
Forb
Grass
Legume
Forb
Forb
Forb

u
h
h
h
h
h
h

R
G
G
G
G
G
S, G

China2,3
USA1,3
USA1,3
USA1,3
North America, China2,3
USA3
USA3

x
x
x
x
x
x
x

x
x
x
x
x
x

x
x
x
x
x

Asteraceae
Poaceae
Asteraceae
Onograceae
Asteraceae
Asteraceae
Brassicaceae
Fabaceae
Asteraceae

Forb
Grass
Forb
Forb
Forb
Forb
Forb
Legume
Forb

g
h
u
h
u
t
u
h
u

R, N
R, N
P, N
R, N
R, N
R, N
R, N
F, N
R, N

Asia
Eurasia
North America
North America
North America
South America
North America
North America
South Africa

x
x
x
x
x
x
-

x
x
x
x
x
x

x
x
x
x
x
x

Specialists
Arabis hirsuta Scop
Bromus erectus Huds.
Centaurea scabiosa L.
Dianthus carthusianorum L.
Onobrychis viciifolia Scop.
Plantago media L.
Prunella grandiflora (L.) Scholler

Generalists
Capsella bursa-pastoris (L.) Medikus
Centaurea jacea L.
Dactylis glomerata L.
Lotus corniculatus L.
Plantago lanceolata L.
Prunella vulgaris L.
Silene vulgaris Garcke

Invaders
Artemisia verlotiorum Lamotte
Bromus inermis Leysser
Conyza canadensis (L.)
Epilobium ciliatum Rafinesque
Erigeron annuus (L.)
Galinsoga ciliata (Rafinesque)
Lepidium virginicum (L.)
Lupinus polyphyllus Lindley
Senecio inaequidens DC.

Life form: h, hemicryptophytic plant (perennial herb); g, geophytic plant (perennial herb with tubers, bulbs or rhizomes); t, annual plant; u, biennal plant.
Ecological group: R, ruderal plant; P, pioneer plant; F, forest plant; S, dry meadow plant; G, meadow plant; C, cultivated plant; N, neophyte (according to Lauber and
Wagner, 1998).
1 http://www.invasive.org/weedcd/species/4512.htm
2 www.cabi.org
3 http://www.fs.fed.us/r9/wildlife/range/weed/Sec3B.htm
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Seeds of all native species as well as of Bromus inermis were commercially
obtained from UFA-Samen, Switzerland, seeds of Lupinus polyphyllus from
Botanik, Switzerland and of Epilobium ciliatum from B and T World Seeds,
France. Seeds of Senecio inaequidens, Conyza canadensis, Erigeron annuus,
Galinsoga ciliata and Lepidium virginicum, as well as rhizomes of Artemisia
verlotiorum were sourced from natural populations in Switzerland.
In March 2009 seeds of the study species were soaked in Gibberellic acid
(C19H22O6) for 24 hours before being sown into standard peat-free potting
compost. Seedlings were grown in the greenhouse (25°C) for four weeks
before they were transplanted to the pots in the garden.
Due to weak growth of some species, the set of species used in the analysis
was reduced from 21 to 17 in the second and third year (Tab. 1). Also, the two
annual non-native species, Conyza canadensis and Lepidium virginicum, were
replaced in 2010 by the perennial species Senecio inaequidens and Epilobium
ciliatum.

Experimental design
The experiment was run for three growing seasons (May 2009 – August 2012)
in the experimental garden of the Institute of Integrative Biology, ETH Zurich,
Hoenggerberg (522 m a.s.l., annual mean temperature: 8.35°C, 47°24’22’’N,
8°30’23’’E) (Sheppard et al. 2012).
In April 2009, 120 pots of 70 L (surface area of 0.181 m2 and a height of 46.5 cm
with 8 drainage holes each, 4 of them 1 cm above ground and 4 of them 15 cm
above ground) were placed beneath two rainout shelters of 20 x 5.5 m. The
pots were filled with field soil, which was mixed with sand at a ratio of 1:2 to
improve drainage. The field soil was than covered with 10 L of standard peatfree potting compost to suppress germination of weeds.
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Using the three plant groups described above (specialists-generalistsinvaders) three mixed plant communities were assembled by combining the
species of two plant groups within one pot: generalists-specialists (GS),
invaders-generalists (IG), and invaders-specialists (IS). In each pot three
individuals of each of the 14 species were planted. The 42 positions for each
plant individual in a pot were evenly spaced and labelled with sticks. The
position of each plant within a pot, the assignment of a plant combination to a
pot as well as the position of the pots within the two rain-out shelters were
randomized (Fig. 1).
The experiment was designed with two fully crossed factors: (1) warming [W]
(elevated temperature and ambient temperature) and (2) plant community [P]
(GS, IG and IS). In the first year (2009) the total setup consisted of 20 replicates
(pots) for each factorial combination. In 2010 additional treatments were
applied to two-thirds of the pots (see chapter 2) and 12 pots were excluded
due to the death of many plants over winter. Therefore in 2010 and 2011 the
total setup consisted of 6 replicates (pots) for each factorial combination.

Warming treatment
To achieve the warming treatment we used 10 hexagonal open top chambers
(OTC’s) constructed according to the specifications of the ITEX manual
(Molau and Molgaard 1996). These chambers work like small greenhouses
and are widely used in ecological research (Kreyling 2010). Each OTC
consisted of a wooden frame covered with a PETE foil (polyethylene
terephthalate),

which

permitted

in

total

88%

penetration

of

the

photosynthetically active radiation (Gutta Werke GmbH, www.gutta.com).
Five sides of the hexagon were permanently closed with the foil, while on one
side the foil could be removed and served as door. For our experiment the
original dimensions of the OTC’s described by Molau and Molgaard (1996)
were modified (total height: 160 cm, diameter of outer circle: 192.6 cm,
diameter of inner circle: 125.6 cm, distance from ground: 50 cm). In this way
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six pots could be placed in each OTC (Fig. 1). To enhance the warming effect
of the OTC’s, black-painted flagstones were placed on the ground in the
middle of each chamber in spring 2010. These served as heat sinks during the
day and provided some warming through re-radiation at night.
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Figure 1: Experimental setup: distribution of the pots and the OTC’s within the two rain-out shelters. A
pot containing an invader-specialists-community is amplified as an example. The colours illustrate the
seven species of each type, S= specialists, I= invaders

Within the rainout-shelters we defined 5 blocks, each containing two OTC’s
and two groups of control pots (Fig. 1) Within the blocks the position of the
OTC’s was randomly assigned.
The OTC’s were left in place throughout the 40-month duration of the
experiment, whereas the rainout shelters where removed in October and
reinstalled in April. Thus, the pots received ambient precipitation in winter,
while in summer they were kept moist using an automated irrigation system.
To quantify the warming effect of the heating system, temperature was
measured at different locations within and outside of the OTC’s. HOBO® Data
Loggers (UA-002-64, onset®, www.onsetcomp.com/), which additionally
measured solar radiation, were placed in the pots, 30cm above the soil
surface.

iButtons®

Data

Loggers

(DS1922L,

maxim

integratedTM,
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www.maximintegrated.com/) were placed 5cm and 20cm beneath the soil
surface and hung 120cm above the ground. Except from temperatures deep
inside the pot (20cm below soil surface) and the night temperature at 5cm
below the soil surface, temperature was significantly enhanced inside the
OTC’s. The temperature increase averaged over all three growing seasons was
1.3°C (Tab. 2).
Table 2: Average temperature increase of the OTC heating system measured at different locations.
Significant temperature increase is indicated in bold. The resulted mean temperature increase of 1.3 °C
was obtained by calculating the average value of the “overall” summer data (excluding the nonsignificant value of the deep soil data).
Day
Location

Summer:
!T120cm above ground
!T30cm above soil surface
!T5cm below soil surface
!T20cm below soil surface
Winter:
!T5cm below soil surface

Night

Overall

2009

2010

2011

2009

2010

2011

2009

2010

2011

-

1.99

1.22

-

1.04

0.39

-

1.67

0.94

1.70°C

1.59°C

2.29°C

0.40°C

0.64°C

0.61°C

1.15°C

1.23°C

1.71°C

-

1.31°C

-

-

0.37°C

-

-

1.0°C

-

-

-0.32°C

-

-

0.78°C

-

-

0.07°C

-

-

1.12°C

-

-

1.01°C

-

-

1.07°C

-

(*) P<0.1; * P<0.5; ** P<0.01; *** P<0.001

Data collection
In all three years, plant phenology was monitored weekly to record the first
flowering date (FFD). Additionally, all plants were harvested in September
(2011 in August) and biomass was collected for measuring above ground
biomass. While in 2009 and 2010 the plants could be individually harvested
(three plants of each species per pot), this was not possible in 2011, and the
three individuals per species were harvested together. In the first year (2009 =
establishment year), plant height and/or length of the longest leaf were
measured at the start of the experiment in May and at harvest in September.
All biomass was dried at 70°C for 48h and than dry weighed.
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Data analysis
We used mixed-effect models (LMM; (Pinheiro and Bates 2009)) to analyse
effects of warming (W) and plant community (P) on length of longest leaf,
plant height and biomass. In these analyses, warming and plant community
were the fixed factors and pot (nested within chambers and blocks) the
random factor. Prior to analysis, biomass within species was standardized in
order make direct comparisons of effect sizes among species. The average of
three values per pot for leaf length and plant height were calculated and used
for the analysis. In this case the random factor only was chamber, nested
within block. For LMMs, inference of fixed factors was based on F-tests for
comparison of models (Pinheiro and Bates 2009), and the Kenward-Roger
approximation was used to determine the denominator degrees of freedom
(Kenward and Roger 1997). Main effects were tested by single term deletion
from a main effects model, and interactions were tested similarly, but using a
model containing all lower order effects.
To investigate shifts over time in the proportions of the two plant groups in a
plant community, biomass of all species per pot and plant group was
summarized and arcsine-transformed. F-values and significances of linear
trends were obtained from mixed models containing year and warming as
fixed factors and pot identity as random factor.
All analyses were carried with the statistics software R (R version 2.15.0, R
Development Core Team, 2012) and the package lme4 was used for mixedeffects models.

32

Garden experiment: warming

Results
A preliminary analysis revealed no significant interactions for “warming
treatment” X “community type”, either for biomass or for date of first
flowering. In the following section, therefore, we describe the effects of the
two factors separately.

Warming
Performance
In the establishment phase (first year, 2009), warming had no influence on
biomass (Fig. 2, Appendix 1), but plants of almost all species had either longer
leaves or taller stems in the warming treatment than in the controls (Tab. 3).
In the second and third year (2010 and 2011) (Fig. 2, Appendix 1) the
generalists and invaders generally profited from the higher temperature
regime. For the generalists Dactylis glomerata, Lotus corniculatus and Silene
vulgaris the positive response even increased in successive years, while for
Plantago lanceolata only in 2009 and 2010 (Fig. 2, Appendix 1). The pattern was
similar for some invaders (Lupinus polyphyllus, Artemisia verlotiorum, Epilobium
ciliatum, Senecio inaequidens), although none of these warming effects was
significant (Fig. 2, Appendix 1). In contrast, none of the specialists responded
positively to warmer temperature, and Dianthus carthusianorum and Plantago
media actually produced less biomass than under ambient conditions.
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Figure 2: Effect sizes with the 95% confidence interval of the warming treatment for biomass of the
specialists, generalists and invaders, projected for the three years 2009, 2010 and 2011. Positive values
indicate an increase in biomass production due to warmer temperatures, negative values a decrease in
biomass production due to warmer temperatures. Biomass was standardised for each species prior to
analysis. For full names of species see Table 1.

Flowering
None of the specialists started flowering until the second year. Except for
Centaurea scabiosa (2010) and Onobrychis viciifolia (2011), which flowered
several days earlier in the OTC’s (Fig. 3), the warming treatment had almost
no influence upon date on which specialists first flowering. Interestingly,
warming negatively influenced the proportion of flowering plants for
Dianthus cartusianorum (2010: F6 = 12.10, p < 0.01; 2011: F6 = 11.50, p < 0.01),
Plantago media (2010: F6 = 17.50, p < 0.01; 2011: F6 = 3.04, p < 0.1) and Centaurea
scabiosa (n.s.) even if their first flowering date was unchanged by the
temperature treatment.
Several of the generalist species flowered earlier in the season in the warming
treatment than in the control. As for biomass, the response to warming tended
to increase during the course of the experiment, with the onset of flowering
becoming progressively earlier in some species (Fig. 3). In contrast, most
invaders showed no response to warming in any year, the exceptions being
Bromus inermis in both 2010 and 2011 and Erigeron annuus in 2011 (Fig. 3).
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Figure 3: Effect sizes with the 95% confidence interval of the warming treatment for the first flowering
date of the specialists, generalists and invaders, shown separately for the three years 2009, 2010 and
2011. Negative values indicate an advance of the first flowering date (number of days) under warmer
conditions and the positive values for a delay of the first flowering date. For full names of species see
Table 1.

Influence of community type
Performance
The type of community influenced the growth of many plant species. Of the
specialists, Centaurea scabiosa, Prunella grandiflora and Plantago media were
shorter and produced less biomass when growing in communities with
invaders (IS) than in communities with generalists (GS) (Tab. 3, Fig. 4a,
Appendix 1). In contrast, growth of Dianthus carthusianorum and Onobrychis
viciifolia was unaffected by the type of community.
In the first year, all the generalists except Capsella bursa-pastoris produced less
biomass in communities containing invaders (IG) than in communities with
only native species (GS), and plants of Centaurea jacea, Lotus corniculatus and
Plantago lanceolata were also smaller (Tab. 3, Fig. 4b).
All the invaders except Lupinus polyphyllus produced more biomass in
competition with specialists than with generalists (Fig. 4c, Appendix 1). Plants
of Galinsoga ciliata and Bromus inermis also were shorter in IG than in IS
communities (Tab. 3).
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(c) Invaders, competition with Specialists compared to Generalists
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Figure 4: Effect sizes with the 95% confidence interval of biomass of each species growing in three
different community types over the three years (2009-2011). (a) Biomass of the specialists: negative
values indicate larger biomass when invaders were present in the community compared to when
generalists were present, (b) Biomass of the generalists: negative values indicate larger biomass when
specialists were present in the community compared to when invaders were present, (c) Biomass of the
invaders: negative values indicate larger biomass when specialists were present in the community
compared to when generalists were present. For full names of species see Table 1.

Overall and throughout the three years of the experiment, most generalists
either produced more biomass when growing in competition with specialists
(GS) or were uninfluenced by the identity of their neighbours (Fig. 4b,
Appendix 1), whereas the specialists Dianthus carthusianorum and Plantago
media performed better in the IS community than in the GS community (Fig.
4a). These differences tended to become more marked with time, being most
evident in the second (2010) and third (2011) year. For generalists (Fig. 4b),
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however, the relative advantage of growing with specialists rather than
invaders decreased over the three years.
Individual invader species reacted consistently over time, progressively
gaining advantage when growing with specialists (Fig. 4c, Appendix 1). For
the invaders as a group, however, there was no clear pattern: while all annual
species, and also Bromus inermis, Erigeron annuus and Artemisia verlotiorum
produced less biomass when growing in competition with generalists (IG),
biomass of Lupinus polyphyllus, Epilobium ciliatum and Senecio inaequidens did
not differ between communities (Appendix 1).
In some communities, the relative abundance of the different species groups
shifted during the course of the experiment. Thus, in the IG community cover
shifted from a predominance of invaders to one of generalists (Fig. 5a, F1,22 =
28.0, p < 0.001). Thus, the generalists increased their share of the total
biomass, from 40% initially to 68% after three years, with this pattern being
amplified by warming (Fig. 5a, year x warming: F1,22 = 8.4, p = 0.009). And in
the IS community, there was also a gradual increase in the proportion of
specialists at the expense of the invaders over time (Fig. 5b). In the GS
community, however, there was no significant change over time nor any
significant influence of warming.
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Figure 5: The shift of the arcsine-transformed proportion of the average biomass per pot of the invaders
growing with generalists (a), of the invaders growing with specialists (b) and specialists growing with
generalists (c) over the course of time (year 2009-2011). Solid grey lines represent the pots; the black
lines show the means for warmed or control pots.
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Flowering
As mentioned, the specialists did not flower in the establishment year (2009).
Thereafter the first flowering date was either not influenced by the type of
their neighbouring species group or it was advanced if growing together with
invaders (Fig. 6). Dianthus carthusianorum and Plantago media interestingly also
had a higher flowering rate in IS communities (D. carthusianorum: 2010: F6 =
6.56, p < 0.05; 2011: F6 = 30.8, p < 0.001; P. media: 2010: F6 = 4.16, p < 0.05; 2011:
F6 = 2.92, p < 0.1, Fig. 6). Only for a few generalists and invaders was the onset
of flowering affected by the type of neighbouring species (Fig. 6). Thus,
Centaurea jacea and Plantago lanceolata (generalists) flowered significantly later
in at least one year in communities with invaders. Similarly, Conyza canadensis
and Erigeron annuus (invaders) flowered significantly later in competition
with generalists in 2009. A further significant effect could be observed in the
proportion of flowering plants: Erigeron annuus and Lupinus polyphyllus had
fewer flowering individuals in the first year (2009) when growing in
combination with generalists (E. annuus, 2009: F6 = 17.32, p < 0.001; L.
polyphyllus: F6 = 9.3, p < 0.01, Appendix 2).
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Figure 6: Effect sizes with the 95% confidence interval of the first flowering date of each species growing
in three different community types over the three years (2009-2011). (a) First flowering date of the
specialists: negative values indicate an advance in the flowering onset when invaders were present in
the community compared to when generalists were present, (b) First flowering date of the generalists:
negative values indicate an advance in the flowering onset when invaders were present in the
community compared to when specialists were present, (c) First flowering date of the invaders: negative
values indicate an advance when generalists were present in the community compared to when
specialists were present. For full names of species see Table 1.
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Table 3: Effects of warming (W) and the type of neighbouring plant species (P), and their interactions
on height and longest leaf on the study species (F values). Significant effects are indicated in bold.
Except from the Plantago species, there was either the height of the stem or the length of the longest
leaf recorded.
Height‡

Longest leaf

Species

W

P

WxP

W

P

WxP

Centaurea scabiosa
Dianthus carthus.
Onobrychis viciifolia
Plantago media
Prunella grandiflora

6.66*
16.35***

0.13
14.63***

0.02
0.76

9.47**
1.60
11.92***
-

33.37***
1.70
12.47***
-

0.233
0.16
<0.01
-

Capsella b.-p.
Centaurea jacea
Dactylis glomerata
Lotus corniculatus
Plantago lanceolata
Prunella vulgaris
Silene vulgaris

3.70(*)
48.7***
14.18***
1.70

1.12
6.66*
2.03
1.08

1.88
2.45
<0.01
0.57

23.32***
50.76***
30.71***
-

9.02**
0.23
6.09*
-

3.22(*)
0.19
1.21
-

Bromus inermis
Conyza canadensis
Erigeron annuus
Galinsoga ciliate
Lupinus polyphyllus

0.15
11.79**
39.92***
-

0.17
0.13
4.63*
-

0.82
2.56
0.52
-

48.27***
0.01

10.13**
0.20

1.81
0.01

(*) P<0.1; * P<0.5; ** P<0.01; *** P<0.001

Discussion
General response to warming
It has been proposed that non-native species are more likely to profit from
climate warming than native species (Walther et al. 2009). Indeed, several
authors have linked an observed increase in non-native species abundance
with a recent increase in average temperatures (Pysek et al. 2002, Loebl et al.
2006, Ohlemuller et al. 2006, Sobrino et al. 2009). Furthermore, in
experimental studies warming has been shown to favour non-native species
over congeneric native species (Verlinden and Nijs 2010). In view of these
findings, we hypothesized that warming would positively influence the
growth and flowering of non-native plants, while natives would either be
unaffected or would respond negatively. In our experiment, this prediction
was confirmed for plant species with a restricted ecological range (i.e.
specialists); for the generalists, however, the results were unexpected, since
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these were even more favoured by warming than were the invaders. Hence,
our findings differ from other studies in which only non-native species
profited from warming, but support those in which native generalists also
responded positively (Godoy et al. 2011, Palacio-López and Gianoli 2011).
These results are not surprising if we consider that many native and nonnative species share attributes such as high phenotypic flexibility that enable
them to respond to changed environmental conditions. Indeed, all of the
generalist species we studied have become naturalized, and some even
invasive, on other continents (Tab. 1) (see also van Kleunen et al. 2010).
Hence, we argue that the loss of specialists from a community may be just as
much due to increased dominance of native generalists as to invasion by nonnative plants (Pompe et al. 2008). Such effects have been described for other
species groups, including plant pollinators (Schweiger et al. 2010) and
butterflies (Warren et al. 2001) and, with an on-going temperature increase,
can also be expected for plants. For example, Moradi et al. (2012) links
changes in wetland communities with the spread of thermophilous, nutrient
demanding plants and the loss of specialized fen species to recent increases in
average temperatures. As in our experiment, however, such effects may
reflect not only the improved growth of generalist species, but also reduced
vigour of more specialized species.

The impact of warming over time and interactive effects with the plant
community
We would expect those species most favoured by abiotic changes eventually
to dominate over species that react neutrally or negatively to such changes
(Kardol et al. 2010). Our initial hypothesis was that invaders would be the
group most favoured by warming, and therefore would become increasingly
dominant. However, the results show that warming favoured the native
generalists even more than the invaders, at least in terms of biomass
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production. In the invader-generalist communities, invaders appeared to lose
their competitive advantage over time, resulting in a shift from initially
invader-dominated to generalist-dominated assemblages by the end of the
experiment (see Fig. 4). One of the “winners” among the generalists was Lotus
corniculatus, a species known to increase biomass production under elevated
temperature (Carter et al. 1997). As L. corniculatus represented a substantial
fraction of the generalist biomass as a group (data not shown), it is not
surprising that the positive effect of warming on L. corniculatus was partially
responsible for the overall success of the generalists. Interestingly, there was
no temperature-mediated shift in the dominance of generalists within the
generalist-specialist

communities.

However,

the

response

of

these

communities to warming was very variable (Fig. 5), indicating that other
factors must also have influenced biomass production. There were also no
changes in dominance caused by warming in the invader-specialist
communities, which was not unexpected since neither of the two plant groups
responded strongly to warming.
Contrary to our expectations, there were no interactive effects of warming
and community type, suggesting that the treatment did not modify biotic
interactions. This is in contrast to studies in alpine vegetation, where warming
had a significant effect on species interactions, which in turn modified
community composition (Klein et al. 2004, Klanderud and Totland 2005).
Thus, besides direct effects on species growth and performance, warming will
always directly and indirectly affect many different biotic and abiotic
processes such as microbial and soil fauna activity, and biochemical processes
in the soil (Walther 2004, Aerts et al. 2006, Frey et al. 2008). Therefore, we
assume that in the end, the community’s response to warming will reflect not
merely the direct responses of the plants, but also be the result of complex
interactions of physiological, microbial and biochemical processes.
Independently of the community, some species showed a strong response to
warming, which usually only became evident in the second year. This pattern
could explain why the group of the invaders were initially dominant, but
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tended to be suppressed in subsequent years by generalists. Indeed, our
results are consistent with the common finding that non-native species profit
more than natives from a pulse of resources (light, nutrients) at the
establishment stage (as after disturbances) (Davis et al. 2000, Richards et al.
2006, Polce et al. 2010). Furthermore, we suppose that native species gradually
regained their competitive advantage in the second and third year as
resources gradually became scarcer (Daehler 2003). Thus, our observations are
consistent with the idea that processes driving plant invasions change over
time (Dietz and Edwards (2006). In the establishment stage, a ruderal-plantstrategy (typically found in non-native species) will be most successful,
whereas during the secondary invasion, when resources decline, niches are
occupied and stress is increased, competitors and stress-tolerators will be
favoured.

Conclusion
By differentiating between native generalists and specialists, we could show
that it is not only non-native species that may benefit from climate change, as
many authors have suggested (Dukes and Mooney 1999, Walther et al. 2009,
Verlinden and Nijs 2010, Dickson et al. 2012). Rather, native generalists may
profit from warmer temperatures as much or even more than non-native
invaders. We conclude, therefore, that the traits necessary for plants to persist
and spread under changed conditions are not necessarily determined by the
species’ origin (Davis et al. 2011, Thompson and Davis 2011).
If climate warming does favour generalists and invaders, one consequence
will likely be an enhanced biotic homogenisation, and a continuing loss of
specialized species (Clavel et al. 2010). However, climate warming may not be
the only, or even the main factor responsible for the loss of specialist species,
but be compounded by processes such as enhanced nutrient input,
management intensification and land-use change in general (Peter et al. 2008,
Bergamini et al. 2009, Homburger and Hofer 2012). Nevertheless, climate
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change could play an important role, especially if it is associated with an
increase in extreme weather events (IPCC 2007), resulting in additional
disturbances. This, in turn, may favour non-native species and suppress
native species, or at least the less flexible specialists (Dukes and Mooney 1999,
Diez et al. 2012).
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Appendix 1:
F-values of the effect of warming, plant community and their interactions on biomass of
invaders, generalist and specialists in the years 2009. Significant effects are indicated in bold.
Result for 2010 and 2011 can be found in the appendices of chapter 2.
Warming (W)
dfeffect

6

Plant community (P)
6

WxP
7

Invaders
Bromus inermis
Conyza canadansis
Erigeron annuus
Galinsoga ciliata
Lepidium virginicum
Lupinus polyphyllos

0.38
4.50*
1.09
1.18
1.63
5.82*

29.03***
14.26***
48.04***
12.48***
20.54***
1.14

0.39
1.33
0.36
0.04
1.54
0.01

0.08
7.01*
0.04
0.01
6.24*
0.07
2.61

12.79***
190.1***
50.57***
19.52***
142.8***
26.64***
33.37***

5.89*
1.16
0.20
2.23
0.01
0.19
0.01

0.82
8.63**
4.28*
3.05(*)
0.34

41.31***
0.64
2.86(*)
9.47**
8.77**

0.07
2.57
0.07
0.07

Generalists
Capsella bursa-pastoris
Centaurea jacea
Dactylis glomerata
Lotus corniculatus
Plantago lanceaolata
Prunella vulgaris
Silene vulgaris
Specialists
Centaurea scabiosa
Dianthus carthusianorum
Onobrychis viciifolia
Plantago media
Prunella grandiflora
(*) P<0.1; * P<0.5; ** P<0.01; *** P<0.001
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Appendix 2:
F-values of the effect of warming, plant community and their interactions on the flowering rate of invaders, generalist and specialists in the years 20092011. Significant effects are indicated in bold. Almost 100% of the individuals of Bromus inermis and Erigeron annuus in 2010 and 2011, of Conyza
canadensis, Lepidium virginicum, Galinsoga ciliata and Capsella bursa-pastoris in 2009, as well as of Dactylis glomerata, Lotus corniculatus and Silene vulgaris
flowered and therefore analysis on the rate of flowering plants did not make sense. In 2009, specialists generally did not flower at all, Senecio inaequidens
only was used in the experiment in 2010 and 2011, but had not enough flowering individuals for analysis in 2011, the same was true for Prunella
grandiflora and Prunella vulgaris in 2011.

Year

2009
Warming
(W)

dfeffect

6

2010
Plant
community
(P)
6

WxP

Warming
(W)

2011
Plant
community
(P)

WxP

Warming
(W)

Plant
community
(P)

WxP

7

6

6

7

6

6

7

Invaders
Bromus inermis

3.51(*)

1.1

-

-

-

-

-

-

Erigeron annuus

2.03

17.32***

1.6

0.03

-

-

-

-

-

-

Lupinus polyphyllos

1.99

9.3**

1.73

0.68

0.66

2.01

0.07

Senecio inaequidens

-

-

-

0.68

0.03

0.04

-

-

-

0.51

0.35

0.62

0.54

7.6

0.06

1.43

3.14(*)

0.13

2.02

0.24

0.19

5.33*

10.9**

5.7(*)

1.34

0.54

3.72(*)

0.42

11.5***

30.8***

0.42

0.06

0.91

1.55

2.92(*)

1.03

-

-

<0.1

0.06

Generalists
11.3***

18.1***

Plantago lanceaolata

0.71

6.45*

Prunella vulgaris

1.8

<0.1

Centaurea scabiosa

-

-

-

0.62

8.3*

Dianthus carthusianorum

-

-

-

12.1***

6.56*

Onobrychis viciifolia

-

-

-

4.09*

0.09

Plantago media

-

-

-

17.5***

4.16*

0.72

Prunella grandiflora

-

-

-

<0.1

5.74*

0.06

Centaurea jacea

<0.1
2.27

10.3***

5.7(*)

<0.1

<0.1

Specialists

(*) P<0.1; * P<0.5; ** P<0.01; *** P<0.001

2.87(*)

3.04(*)
-

4.09(*)
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Abstract
Modelling studies predict that anthropogenic climate change will be
characterized not only by gradual shifts in mean temperatures and
precipitation but also by greater variability. This means that extreme weather
events such as droughts, floods and heat waves will increase in frequency and
intensity. It is also expected that climate change will interact with other
aspects of global change, such as plant invasions. However, although
theoretical studies suggest that extreme events will increase the risk of
biological invasion, empirical evidence is still rare.
In this study, we investigated how a combination of extreme events
(drought and flood) and elevated mean temperatures may affect plant
communities. We selected three categories of plant species (native generalist,
native specialist and non-native species), and created three types of plant
community by growing together in pots seven species from each of two
categories

(i.e.

“non-native-generalist”,

“non-native-specialist”

and

“generalists-specialists”). Half of the pots were placed in open top chambers,
which increased ambient temperature on average by 1.4°C. One third of all
pots were exposed to drought, one third to flood and one third served as
control pots. None of the three plant groups showed a significant effect of the
extreme event on biomass. However, there were species-specific responses in
germination rate, winter survival and flowering rate. Interestingly, warming
had no interacting effect with the response to the extreme events. Overall
there was no indication of non-native species gaining a competitive
advantage over native species, as we had hypothesised, and we conclude that
more frequent extreme events will not necessarily increase the spread of nonnative invasive species. We suggest that this is because (1) native generalists
with broad environmental tolerances can also profit from abiotic changes, and
(2) the increased invasibility of a community due to an extreme event is
highly context-specific.
Key words: plant invasion, extreme weather events, drought, flood, nonnative species, specialists, generalists
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Introduction
Climate change involves both changes in the means of, for example,
temperature and precipitation, and in their variability (IPCC 2007,
Seneviratne et al. 2012). As a consequence, extreme weather events such as
drought, heavy rainfall and heat waves will increase in frequency (Salinger
2005, Frei et al. 2006, Vidale et al. 2007). It has been suggested that many
ecological and biological processes respond to these extreme events rather
than to average climatic conditions (Parmesan et al. 2000, Jentsch et al. 2007,
Jentsch and Beierkuhnlein 2008), potentially causing changes in community
structure (White et al. 2000, Mueller et al. 2005) and ecosystem functioning
(Ciais et al. 2005, Jentsch et al. 2011), or shifts of ecotone boundaries (Allen
and Breshears 1998). Furthermore, there is evidence that extreme climatic
events can have an impact on the dynamics of biotic communities and species,
not only from an ecological (Easterling et al. 2000, Parmesan et al. 2000) but
also from an evolutionary point of view (Gutschick and BassiriRad 2003).
While some communities seem to be highly resilient to extreme events, so that
there are no persistent effects on species composition, others are more
vulnerable, especially when the extreme conditions follow in close succession
(Wigley 1985). There is also evidence that extreme events and gradual
directional change can have interacting effects, because plants that are already
close to their physiological limits are more strongly affected by exceptional
weather (Adams et al. 2009). However, there is still limited understanding of
how persistent the ecological effects of extreme events may be, and of how
weather extremes compound the effects of gradual climatic change.
While climate change may strongly modify ecosystems, other agents of global
change, such as non-native species invasions, will also shape future
environments (Vitousek 1994). Indeed, many authors emphasize the
interacting effects of climate change and invasions (Bradley et al. 2010),
arguing that non-native invasive species will be promoted not only by
gradual changes in temperature and precipitation (Vilà et al. 2007, Walther et
al. 2009), but also extreme climatic events (Dukes and Mooney 1999, Thuiller
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et al. 2007, Diez et al. 2012). However, there have been surprisingly few
experimental studies to investigate the potential interactive effects of climate
change and biological invasions (but see Zavaleta 2006, Verlinden and Nijs
2010, Moser et al. 2011, He et al. 2012, Verlinden et al. 2013), and even less
attention has been paid to interacting effects of gradual climate change and
extreme events upon invasions (e.g. Sheppard et al. 2012).
In a recent review, Diez et al. (2012) suggest two mechanisms by which
extreme events could influence invasions: causing large-scale disturbances
that kill many native plants, and increasing stress, leading to reduced growth
and/or reproduction of native plants. In both cases, biotic resistance to
invasion is reduced; and as it is generally assumed that invasive non-native
species have a broader ecological tolerance than most native species (Richards
et al. 2006, Hulme 2007), therefore, recovery after disturbance may be faster
for the non-natives (Mason et al. 2012).
However, in some cases native species seem to be better adapted to climatic
extremes than non-natives, as for example the native dandelion, Taraxacum
ceratophorum (Asteraceae), which had a higher water use efficiency,
photosynthesis and transpiration rate under dry conditions than its nonnative invasive congener Taraxacum officinale (Brock and Galen 2005).
Furthermore, many native species have similar traits to non-natives and can
exhibit equally high phenotypic plasticity in response to changing abiotic
conditions (Palacio-López and Gianoli 2011). Indeed, it would not be
surprising if common generalist species, many of which are invasive
elsewhere in the world, are similarly favoured under a changing climate as
non-native species (Van Kleunen et al. 2010a). In contrast, we might expect
specialist species to be relatively inflexible in their responses, and therefore
more vulnerable under conditions of climate change (Schweiger et al. 2010,
Bartholomeus et al. 2011). To test these ideas, it is therefore important to
adopt a comparative approach, using different groups of native species (van
Kleunen et al. 2010b). To our knowledge, however, previous studies of how
climate change affects plant invasions have either compared non-natives with
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only one native congeneric counterpart (Verlinden and Nijs 2010, Dickson et
al. 2012, Verlinden et al. 2013), or have transplanted non-native species into
only one type of native vegetation (Moser et al. 2011, Sheppard et al. 2012).
There appear to have been no studies that have examined these questions
using different groups of natives (but see chapter 1).
The work described here was designed to investigate the combined effects of
climate change and extreme events on three groups of plant species, nonnatives, native generalists und native specialists. We created three different
plant communities by combining representatives of these groups in a
pairwise fashion (i.e. “non-native-generalist”, “non-native-specialist” and
“generalists-specialists”). During the three years of the experiment, these
experimental communities were exposed to either ambient or enhanced
temperatures (see also chapter 1), and in the second year, we additionally
applied a drought treatment to one third of the pots and a flooding treatment
to another third.
We asked the following questions:
1. Are extreme events less stressful to non-natives than to natives?
2. Do invaders become more dominant over time under changed
climatic conditions?
3. How persistent are effects of extreme events?
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Materials and methods
Chapters 1 and 2 are based on the same experimental set-up. Therefore, the
study species, the basic experimental set-up and the warming treatment are
identical and details can be found in chapter 1.

Study species
We used the same three groups of species described in chapter 1: native
habitat specialist species (“specialists”), native habitat generalist species
(“generalists”) and invasive non-native species (“invaders”). The species
selected in each group were taxonomically and ecologically diverse, and
included the functional groups grasses (C3), legumes and non-leguminous
forbs. For a detailed description of the selection criteria and the species used
in the experiments see the “Materials & Methods” section in chapter 1.

Experimental design
As described in chapter 1, the experiment was run for three growing seasons
(May 2009 – August 2012) in the experimental garden of the Institute of
Integrative Biology, ETH Zurich, Hoenggerberg (522 m a.s.l., annual mean
temperature: 8.35°C,

47°24’22’’N, 8°30’23’’E) (Sheppard et al. 2012). The

“extreme-events” experiment was carried out with three fully crossed factors:
(1) warming [W] (elevated temperature and ambient temperature), (2)
extreme events [EE] (drought, flood, control) and plant community [P] (GS,
IG and IG). In the first year (2009), only the warming treatment was applied,
with the extreme event treatments commencing in the second year (2010).
After the first winter, 12 pots were excluded from the experiment due to
enhanced die-off of species. Of the remaining 108 pots, one third was assigned
to each of three treatments - drought, flooding and control. Therefore in 2010
and 2011 the total setup consisted of 6 replicates (pots) for each factorial
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combination (Fig. 1).
0%'(3%$'!%,
!"#$%&'()*+,'+!

0%'(:,%%1
0%'(1!%&2*'
3*"45+!
678
5,%39

!"#$%&'()*+,'+!

-.

-.
-/ -.

./

./
/
.

-.
./

./

-.
./

/

/

/

.

.

/

. ./.

/

.

/

/
.

-/

.

/
/

/

.
/
.
.

.

.
.

/

.
.

.
/

/
/
/

/
.

.
/

.
/

.

/

Figure 1: Experimental setup: distribution of the pots and the OTCs within two rainout shelters. A pot
containing an invader-specialists community is shown as an example. The seven different colours
within this pot illustrate the seven different species, S= specialists, I= invaders. After the first year, 12
pots were removed, therefore only the 108 remaining are shown. One third of the pots was exposed to
an extreme drought (red pots), one third to a flood (blue pots) and one third of the pots served as
controls.

Extreme events treatment
An automatically controlled irrigation system (ten minutes daily) ensured
appropriate water supply throughout the summer for the all pots (control
pots during the extreme events). On exceptionally hot days, irrigation run for
20 minutes. During the extreme events (drought and flood) the selected pots
were disconnected from the irrigation system.
The warming treatment was achieved using open top chambers (OTCs), as
described in chapter 1. For a detailed description therefore see the “Materials
& Methods” section in chapter 1. For the flooding treatment we closed six of
the eight drainage holes and filled the pots every morning with water
inundating the whole vegetation. During the 24 hours until the next flooding,
water drained slowly through the two remaining drainage holes, thus
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completely anaerobic conditions were prevented. For the drought treatment,
watering was simply discontinued.
Two approaches have been used for determining an appropriate length and
intensity of an ‘extreme event’ in experimental studies. First, plants can be
exposed to an event that has a certain probability of recurrence, such as a 100year extreme event (Jentsch et al. 2007, Kreyling et al. 2008, Jentsch et al. 2009,
Jentsch et al. 2011). Second, the time span of the extreme event can be decided
flexibly during the experiment by looking for signs of damage to the
experimental plants (Beierkuhnlein et al. 2011). In this study, we used the
second approach, recording the impact of the treatments (drought/flood)
using a six-point scale (0-5), ranging from “undamaged” (0) to “dead” (5)
(full scale see Appendix 2). The extreme event was stopped when at least
three species in the pot reached stage 3,4 or 5, or when 80% of all plants in the
pot reached stages 1 or 2. Based on these criteria the drought imposed upon
individual pots lasted between 10 and 32 days. This broad range until the
vegetation wilted was mainly due to the differing biomass and therefore
water consumption in the various pots. The soil moisture in the driest pot of
the drought treatment was 0.6% and in the most humid one of the drought
treatment was 3.7% (measured in the upper 10cm % of the top soil). Warming
accelerated the impact of drought, with the drought treatments under
elevated temperature lasting 17 days on average, while those under ambient
temperatures lasted 22 days. Plants in the flooding treatment responded less
strongly than those exposed to drought, and even after 32 days, when the
treatment was discontinued, many had not reached the predefined damage
threshold. Nevertheless, we still could observe a strong negative effect of
flooding when the treatment ended (Appendix 2). For both treatments, the
vegetation was able to regenerate before it was harvested in early September.
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Data collection
To measure the effect of extreme events and warming on plant performance
all plants were harvested in September 2010 and aboveground biomass was
collected. In the same year, seeds of all species were collected for seed mass
measurements and germination experiments. To investigate effects of the
extreme events in the subsequent year, we recorded overwinter survival and
the date of first flowering in 2011. In August 2011, plants were again
harvested and aboveground biomass was measured. Whereas all plants were
harvested individually in 2010 (three plants of each species per pot), it was no
longer possible to separate the individuals of one species in 2011. All biomass
was dried at 70°C for 48h and then weighed.
Seed mass and germination rates were assessed only for those species that
produced sufficient seeds (Appendix 1). Seed mass was determined by
counting and weighing 3 x 30 seeds per plant (for Lotus corniculatus 3 x 100),
and the mean value of the three measurements was then used for analysis.
For all species analysed (Appendix 1), we measured germination rates in a
growth cabinet (20°C), placing 3 x 30 seeds per plant (for Erigeron annuus only
1 x 30 seeds per plant) on wet filter paper in Petri dishes . The number of
germinated seeds was recorded after 10 days, 20 days and 30 days.

Data analysis
Effects on biomass and seed mass of the extreme events (EE), warming (W)
and plant community (P) were analysed with mixed-effect models (LMM;
(Pinheiro and Bates 2009)), while the proportion of flowering plants,
germination rate of seeds and survival were analysed with generalised linear
mixed models (GLMM) using the log-link function and a binomial error
distribution.
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The average values per pot for biomass, seed mass and germination rate (i.e.
averages of three individuals of each plant species in one pot) were calculated
and used in most subsequent analyses. Extreme events, warming and plant
community were fixed factors. Whenever the average value per pot was used,
chambers (nested within blocks) was used as random factor, otherwise pot
(nested within chambers and blocks) was included as an additional random
factor. In LMMs, the response variable was log-transformed as necessary to
meet the analytical assumptions (normally distributed random effects and
normality and homogeneity of residual variance).
Analyses at the species group level were only performed for biomass. The
total biomass of a group (specialists or generalists or invaders) per pot was
summarized and used for analysis with LMM. Again, extreme events (EE),
warming (W) and plant community (P) were fixed factors, chamber (nested
within block) as random factors.
To analyse shifts in the proportion of each species group in a plant
community over time, biomass of all species per pot and plant group was
summarized and arcsine-transformed. F-values and significances of linear
trends were obtained from LMMs containing year and warming as fixed
factors and pot identity as a random factor. All analyses were carried with in
R (R version 2.15.0, R Development Core Team, 2012), and the package lme4
was used for mixed-effects models.

60

Garden experiment: warming and extreme events

Results
Effects of extreme events and their interaction with warming
As described previously (chapter 1), warming favoured invaders and
generalists but not specialists, and both the invaders and the generalists grew
better in competition with specialist than in competition with generalists or
invaders respectively (Tab. 1, Fig. 2a, 2c, 2e). In contrast, there was no effect of
the extreme events on biomass at the end of the growing season for any
species group (Tab. 1, Fig. 2a, 2c, 2e). Furthermore, neither warming nor plant
community influenced the response of biomass to extreme events.
While no specialist or generalist species responded to extreme events, we did
record an increase in biomass production following flooding in two nonnative species, Epilobium ciliatum (F2,51=24.2, p<0.001) and Artemisia verlotiorum
(F2,51=2.96, p=0.06) (see also Appendix 3). For species specific responses and
general effects of warming and plant communities alone see chapter 1.
Seed mass did not vary among treatments (extreme events, warming, plant
community) (Tab. 2) except in Onobrychis viciifolia, for which seeds were
significantly heavier under warmer temperatures and tended to be lighter if
mother plants suffered drought or flood (Tab. 2). However, germination
success was in general much more strongly influenced by the experimental
treatments, though the effects varied greatly among species. The pattern
found for the seed mass of Onobrychis viciifolia was even more pronounced for
the germination success of the seeds, where significantly less seeds
germinated if mother plants suffered drought or flood and significantly more
seeds germinated if plants grew under elevated temperature (Tab. 2). A
significant two-way interaction of warming and treatment for Onobrychis
viciifolia showed that germination was unaffected by the combination of an
extreme event and warming, but was slightly reduced by drought and even
more by flood under ambient temperatures (Tab. 2). The germination rate of
Epilobium ciliatum was significantly lower for seeds of drought stressed
mother plants (Tab. 2). Seeds of Centaurea jacea and Lotus corniculatus tended
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to have increased germination when they came from mother plants exposed
to flooding (Tab. 2). Warming reduced germination success of Epilobium
ciliatum and enhanced it for Lotus corniculatus, but there was no interaction
with extreme events (Tab. 2). Only Lupinus polyphyllus showed a significant
two-way interaction of extreme event and warming: under control conditions,
warming had no effect on germination rate, under drought, warming had a
negative effect and under flood a positive effect (Tab. 2).

Persistence of effects of extreme events
In the subsequent year, no effects of the extreme events on biomass could be
detected at the group level (Tab. 1, Fig. 2b, 2d, 2f). The general patterns
regarding this analysis remained the same as in 2011, except that the influence
of community composition on the biomass of invaders was even stronger.
Also, warming no longer had a positive effect (Fig. 2b, 2d, 2f, see also chapter
1), though this trend was never affected by any extreme event treatment.
Over time, the communities shifted from being dominated by invaders to
being dominated by generalists (Fig. 3 a). This shift was influenced neither by
drought nor by flood, but was to some extent accelerated by warming
(F1,30=6.4, p=0.02). Furthermore, between 2010 and 2011 the relative cover of
specialists declined both in the invader-specialist community and in the
generalist-specialists community, this shift being influenced neither by
warming nor by extreme events (Fig. 3b, c).
Although the extreme event treatments had at most minor effects upon the
biomass of species in the same year, for some species these effects persisted
into the following year. More Onobrychis viciifolia plants died during the
winter following exposure to drought, but Senecio inaequidens survived better
after both drought and flooding, and Epilobium ciliatum survived better after
flooding (Tab. 3). Three other species Lotus corniculatus, Lupinus polyphyllus
and Senecio inaequidens were unaffected by the extreme event treatments but
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survived significantly better under warmer conditions (Tab. 3). Plantago
lanceolata, in contrast, suffered greater mortality under warming, unless
previously exposed to flood.
Extreme events also influenced the flowering of some species in the following
year, though not consistently. Thus, flowering was enhanced for Epilobium
ciliatum plants that had been exposed to flooding, but reduced for Centaurea
scabiosa (Tab. 3). And Dactylis glomerata flowered plants less when that have
been exposed to drought (Tab. 3). Interestingly, warming had rather little
effect upon flowering in 2011 (for more results and for 2009 and 2010 see
chapter 1), and there were again no significant interactions with extreme
events.
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Figure 2: Biomass of the invaders (a) & (b), generalists (c) & (d) and specialists (e) & (f), having
experienced an extreme drought (D), a flood (F) or having grown without an extreme event treatment
(C) in 2010 and the year after (2011). Groups of species grown under ambient (C) and enhanced
temperature (W) and in combination with other species groups resulting in different plant communities
(GI = invader-generalist community, SI = invader-specialist community, GS = generalist-specialist
community).
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Table 1: F values and their significance for the effects of extreme events, warming, plant
community, and their interactions on the biomass of invaders, generalist and specialists in 2010
and 2011. Significant effects are indicated in bold.
Variable

dfeffect

Invaders

Generalists

2010

2011

2010

Specialists
2011

2011

1.7

1.3

Extreme Events (EE)

2

0.8

1.5

0.78

Warming (W)

1

10.9**

2.5

40.4***

19.6***

0.2

2.3

Plant community (P)

1

24.4***

12.4***

10.7**

1.1

2.4

EE x W

2

0.6

3.6*

0.2

0.3

0.1

0.2

EE x P

2

1.7

0.5

<0.1

1.4

0.3

<0.1

WxP

1

0.9

<0.1

0.1

1.5

0.6

0.3

EE x W x P

2

0.7

0.8

0.2

1.9

1.4

0.6

87.1***

0.2

2010

(*) P<0.1; * P<0.5; ** P<0.01; *** P<0.001

2010

2011

1.2
0.8

C
D
F

0.4

1.2
0.8
0.4

2009

0.0

2011

C
D
F
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Figure 3: The shift of the proportion (arcsine-transformed) of the average biomass per pot of the
invaders growing with generalists (a), of the invaders growing with specialists (b) and specialists
growing with generalists (c) over the course of the experiment. Solid grey lines represent the pots; the
coloured lines show the means for the drought, flood or control pots.
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Table 2: The effect of extreme events, warming, plant community, and their interactions on seed mass and germination rate of invaders, generalist
and specialists. Seeds matured during and after the extreme events in 2010. Significant effects are indicated in bold.
Extreme
Events (EE)

dfeffect

Warming (W)

Plant
community
(P)

EE x W

EE x P

WxP

EE x W x P

2

1

1

2

2

1

2

Epilobium ciliatum

1.2

1.6

0.6

0.7

2.7(*)

1.0

0.9

Erigeron annuus

0.6

1.1

0.2

0.6

2.1

2.2

0.5

Lupinus polyphyllus

0.1

0.1

2.6

1.6

0.3

1.2

0.3

Centaurea jacea

0.5

0.2

0.1

0.3

0.7

0.6

0.3

Lotus corniculatus

2.5

1.3

0.6

0.5

0.1

0.3

2.2

Silene vulgaris

0.6

<0.1

1.7

0.5

0.8

<0.1

1.1

Onobrychis viciifolia

2.5(*)

0.4

2.8(*)

0.4

0.6

0.2

7.5**

1.9

0.8

169.0***

Seed mass‡

4.3*

Germination rate§
Epilobium ciliatum

34.6***

27.8***

Erigeron annuus

0.2

<0.1

Lupinus polyphyllus

0.8

<0.1

Centaurea jacea

4.6(*)

0.3

Lotus corniculatus

5.2(*)

4.8*

Silene vulgaris
Onobrychis viciifolia
‡
§

2.5
48.4***

F values and their significance
2

! values and their significance

(*) P<0.1; * P<0.5; ** P<0.01; *** P<0.001

<0.1
2.27

1.5
10.3***

48.9***
0.3
5.7(*)

0.2
<0.1

1.6
10.9**

3.6

1.3

12.2***

5.6

1.4

2.9

3.4

<0.1

3.5

3.7(*)

2.1

3.8

5.2(*)

45.5***

<0.1

6.5*

4.3

19.6***

1.4
<0.1

7.6(*)
1.1
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Table 3: The effect of extreme events, warming, plant community, and their interactions on proportion of flowering plants and survival of invaders,
2

generalist and specialists one year after the extreme events (2011). Data are ! values and their significance; significant effects are indicated in bold.
Species

dfeffect

Extreme
Events (EE)
2

Warming
(W)

Plant
community
(P)

EE x W

EE x P

1

1

2

2

6.4*

0.6

4.4

0.3

6.4*

WxP

EE x W x P

1

2

0.9

0.4

1.5

0.4

<0.1

3.3

<0.1
2.4

<0.1
0.3

<0.1
3.4

1.5
<0.1

4.3
1.2

Proportion of flowering plants
Invaders
Epilobium ciliatum

7.0*

Erigeron annuus

1.2

<0.1

Generalists
Dactylis glomerata
Centaurea jacea

10.9**
1.6

2.2
0.5

7.3**
6.2*

Plantago lanceolata
Silene vulgaris

2.7
1.4

1.9
0.8

1.6
0.7

<0.1
2.8
0.6
0.9

6.8*

2.9
4.2

<0.1
25.1***

Specialists
Centaurea scabiosa
Dianthus carthusianorum
Onobrychis viciifolia
Plantago media

11.2**
1.4

8.6**
22.2***

21.7***
18.7***

3.2
0.2

5.0*
5.4*

0.3
10.6**

10.1**

0.5
0.4

1.7
8.6**
<0.1
<0.1

5.2(*)
5.2(*)

<0.1
1.5

1.2
0.1

<0.1
3.5

0.3

0.9

0.2

4.4*

4.8(*)

4.1*

1.3

1.4

0.1

0.1

2.2
1.5

0.6
2.3

0.5
1.2

2.1
1.3

1.7
2.9

<0.1

<0.1

<0.1

<0.1

2.8
0.9

2.4
2.0

0.3
1.0

3.4
1.0

Winter survival
Invaders
Epilobium ciliatum
Erigeron annuus

3.5

Lupinus polyphyllus
Senecio inaequidens

0.5
7.7*

10**
15.2***

Generalists
Dactylis glomerata

10.9**

Centaurea jacea
Lotus corniculatus

1.6
3.3

Plantago lanceolata
Silene vulgaris

0.2
4.4

2.2
0.5
14.6***

7.3**
6.2*
<0.1

1.5
0.3

2.8(*)
5.1

9.4**
0.1

2.0
8.5*

1.5
<0.1

8.1*
0.1

Specialists
Centaurea scabiosa

1.9

0.1

7.0**

3.5

0.7

1.4

0.2

Dianthus carthusianorum

1.4

<0.1

1.5

0.8

3.2

1.8

3.6

Onobrychis viciifolia
Plantago media

8.8*
4.1

<0.1
2.9(*)

1.3
3.4(*)

0.8
3.2

5.3(*)
2.9

(*) P<0.1; * P<0.5; ** P<0.01; *** P<0.001

<0.1
<0.1

6.5*
<0.1
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Discussion
Species responses to extreme events
The aim of this study was to investigate the impact of extreme weather events
and climate warming on non-native and native species. Based on the common
idea that invasive non-native species are more tolerant of variable
environmental conditions than native species (e.g. Richards et al. 2006, Hulme
2007), we expected a less negative impact of extreme climatic events upon
non-native species than upon native species. However, even if some speciesspecific responses to extreme events were clearly observable, no general
difference in the reaction of native and non-native species was detected. This
contrasts results of other studies; for example, Song et al. (2010) found a
decrease in the biomass of natives following a very hot spell, but not for their
non-native congeners, while Sheppard et al. (2012) reported a better
performance of native species following disturbance by drought or flood.
Some field studies also report that native species are favoured over nonnatives following extreme drought. For example, native plants of dry habitats
could resist drought better than non-natives, which were less adapted to dry
conditions (Baruch and Jackson 2005, Brock and Galen 2005).
The results of Verlinden et al. (2013), however, show that reactions to
warming and drought are species-specific and do not depend on whether the
species are native or non-native. Indeed, native generalist species with traits
similar to those of many non-natives (Godoy et al. 2011, see also chapter 1)
could be equally resistant to extreme events. In an experimental study,
Bartholomeus et al. (2011) found a negative impact of combined extreme
events (drought and flood) on specialized and endangered plants and suggest
that future increase of climate variability will favour common species over
specialists. We can confirm these findings with the results of chapter 1: native
generalists (and invaders) also seem to be favoured over native specialists by
a gradual temperature increase.
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It is possible that methodological differences might account for some of the
different results found in this study and those mentioned above. In most
experiments investigating effects of drought (or flood) on above-ground
biomass (or above-ground net primary production, ANPP), plants were
harvested shortly after the extreme event, before there had been time for them
to recover or regenerate (Kreyling et al. 2008b, Gilgen and Buchmann 2009,
Beierkuhnlein et al. 2011, Jentsch et al. 2011, Weißhuhn et al. 2011). This
procedure was adopted to simulate the management of hay meadows, many
of which are mown twice a year; in these experiments, the end of the extreme
event corresponded to the usual time of the first harvest. In contrast, we
harvested our communities two months after the treatment had ended,
because we were interested in how the community would develop following
an extreme event. Indeed, our plants were clearly affected by drought or flood
at the end of the treatments (see also Appendix 2), but were able to recover
their growth relative to control at the time of harvest.

Shift in community dominance over time
We expected to observe a shift in community dominance after extreme events,
reflecting a competitive advantage of invaders (e.g.White et al. 2001, Allen et
al. 2010, Kane et al. 2010, Mason et al. 2012, chapter 3 of this thesis). However,
no such pattern was observable. In fact, our data showed a shift in favour of
the native generalist species, a shift that, unexpectedly, was not driven by the
extreme events. In chapter 1 we showed that warming was one factor
favouring generalists, but argued that community composition was shaped
mainly by differences in competitive ability. In sum, we suggest that the
treatment effects were not strong enough to cause major changes in our
communities and therefore the generalists could maintain their strong
competitive ability (chapter 1). This is not surprising, since invaders tend to
be most successful after disturbance when competition is low (Davis et al.
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2000) but rarely invade intact ecosystems with strong native competition
(Didham et al. 2005, chapter 3).

Persistent effects of extreme events
The impact of extreme events on ecosystems depends not only on their
intensity and severity, but also on the vulnerability of the system. An
exceptionally severe event may disturb the equilibrium of a community to
such an extent that its effects remain evident for many years (Jentsch et al.
2007). In our study, however, there was no persistent effect of extreme events
on biomass production. This is not surprising, as we did not find an effect in
the year when extreme events were applied. However, some species showed
reduced or enhanced winter survival, differences in germination or altered
flowering characteristics after they had been exposed to drought or flooding.
There were, however, no consistent responses among the three species
groups.
Several studies have reported effects on survival directly after or during
environmental manipulations (Van Peer et al. 2004, Gitlin et al. 2006, Zavaleta
2006), but none of them has examined legacy effects in subsequent years.
Indeed, experimental evidence for legacy effects of extreme events on longterm survival remains sparse, though Davis and Pelsor (2001) report that the
availability of resources (in this case water) has persistent effects on survival
of germinating seedlings. Clearly, any effects of an extreme event upon
survival and reproductive success could have long-term demographic
consequences, with survival effects being especially important for longerlived species.
Our data show that, at least for some species, environmental conditions
experienced by the mother plants influenced germination rate of the offspring
(i.e. maternal environmental effects), with drought generally having negative
effects and flooding positive effects. These results are consistent with other
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studies showing negative maternal effects of drought upon seed germination
(Pías et al. 2010). Although maternal effects are considered to be relevant
mainly in early developmental life stages, they may persist and influence
even reproductive success (Galloway 1995). In this way extreme events could,
indeed, have longer-term demographic consequences.
Field observations of community development following extreme events
show contradicting results, with some showing complete recovery after one
or a few years (Lüdi and Zoller 1949, Grime et al. 2008, Gilgen and Buchmann
2009) and others reporting long-term changes in species composition (Allen
and Breshears 1998, Stampfli and Zeiter 2004). However, the outcome could
change if two or more extreme events occur consecutively: while a single
event may have little effect, a second in close succession could be far more
devastating (Wigley 1985, Mueller et al. 2005, Marchand et al. 2006).

Conclusion
Field observations provide strong evidence that extreme events can
considerably impact ecosystems and their functions (Allen and Breshears
1998, Ciais et al. 2005), and in some cases favour invasions by non-native
species (Kane et al. 2010). However, experimental studies on the influence of
extreme events on plant invasions are rare and show contradictory results.
Our data suggest that the impact of extreme events on plant communities and
their invasibility seem to be highly system- and species specific (Kreyling et
al. 2008a, Jentsch et al. 2011, Diez et al. 2012). In the end, invasion success
following extreme events probably depends on both the response of the
resident vegetation to abiotic alterations and the availability of species that
could profit from the new conditions (Diez et al. 2012).
With our data we could not show that extreme events promote invasions by
non-native species. However, this remains a likely outcome in cases when the
established community is sufficiently disturbed (Davis et al. 2000, Shea and
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Chesson 2002). Here again, successful establishment might depend on the
species’ resource up-take efficiency (Davis et al. 2000) and on the availability
of propagules (Thomsen and D'Antonio 2007, Olden et al. 2011). Although
non-native species may fulfil these requirements, native generalist with
similar traits may be equally, or even better, able to profit from these impacts.
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Appendix 1: measured traits for the study species
Biomass 2010
Invaders
Artemisia verlotiorum
Bromus inermis
Epilobium ciliatum
Erigeron annuus
Lupinus polyphyllos
Senecio inaequidens

x
x
x
x
x
x

Generalists
Dactylis glomerata
Centaurea jacea
Lotus corniculatus
Plantago lanceolata
Prunella vulgaris
Silene vulgaris

x
x
x
x
x
x

Seed mass 2010

x
x
x

Germination rate 2010

Biomass 2011

x
x
x

x
x
x
x
x

x
x

x
x

x
x
x
x

x

x

x

Flowering 2011

Survival 2011

x
x

x2
x2
x
x
x
x

x1
x
x1
x

x2
x
x
x

x

x

x1

Specialists
Bromus erectus
Centaurea scabiosa
x
x
x
x
Dianthus carthusianorum
x
x
x
x
Prunella grandiflora
x
Onobrychis viciifolia
x
x
x
x
x
x
Plantago media
x
x
x
x
1
x : analysis was not meanignful because almost 100% of all individuals flowered
Artemisia verlotiorum, Senecio inaequidens, Lupinus polyphyllos, Prunella vulgaris and Prunella grandiflora had not enough flowering individuals to execute analysis.
x2: Analysis was not meaningful because 100% of all individuals survived
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Appendix 2
The effect of the extreme events measured by the stages of damage (0-5) at the
moment of stopping the treatments.
0= no damage
1= the plant is slightly wilting
2= the plant is wilting heavily, but all plant material is still humid (no dry
material)
3= the plant is wilting heavily, 1-50% of the plant is already dry
4= 50-99% of the plant is already dry, but there are still living parts
5= the whole plant is dry (dead)
G= Generalists, I= Invaders, S= Specialists
'&!"

Number of plant individuals

'%!"
'$!"
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,"
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-"
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."
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!"
("

)"

("

!"
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'"

("
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#"

("

)"
*"

("

)"
$"

("

)"
+"

Stages of damage for drought (D) and flood (F)
The average stage of damage for the three groups, each for drought (D) and
flood (F):
D
Generalists
Invaders
Specialists

F
2.46
2.51
2.33

1.81
1.46
1.52

78

Appendix 3: The effect of extreme events, warming, plant community, and their interactions on biomass of invaders, generalist and specialists in the year
of the extreme events (2010). Significances are indicated in bold.
numDF

Invaders
Warming (W)
Extreme events (EE)
Plant community (P)
W x EE
WxP
EE x P
EE x W x P

Extreme events (EE)
Plant community (P)
W x EE
WxP
EE x P
EE x W x P

51

Extreme events (EE)
Plant community (P)
W x EE
WxP
EE x P
EE x W x P

P

2
1

denDF

F

P

4.60

0.037

51

20.10

<.0001

51

Bromus inermis

denDF

F

P

Epilobium ciliatum

0.067

51

51

2.96

0.061

51

2.00

0.146

51

24.20

<.0001

51

11.13

0.002

51

65.10

<.0001

51

5.80

0.019

2

51

2.13

0.129

51

1.90

0.165

51

6.70

1

51

0.11

0.738

51

3.80

0.058

51

2

51

1.70

0.194

51

6.30

0.004

2

51

2.06

0.138

51

1.10

0.336

Centaurea jacea

Dactylis glomerata

denDF

F

P

Erigeron annuus

3.50

denDF

F

P

Lupinus polyphyllos

denDF

F

P

Senecio inaequidens

1.40

0.243

38

3.52

0.069

50

0.20

0.628

51

1.60

0.206

38

0.09

0.911

50

1.00

0.360

51

11.00

0.002

38

0.03

0.854

50

0.00

0.985

0.003

51

0.30

0.743

38

0.51

0.603

50

1.00

0.386

0.10

0.734

51

0.20

0.688

38

0.97

0.330

50

2.20

0.140

51

0.50

0.600

51

1.60

0.204

38

0.28

0.756

50

0.30

0.715

51

4.30

0.020

51

2.50

0.089

38

0.48

0.621

50

1.00

0.365

Lotus corniculatus

Plantago lanceolata

Prunella vulgaris

Silene vulgaris

1

51

0.47

0.496

50

1.50

0.228

50

44.80

<.0001

48

18.90

<.0001

50

4.87

0.032

51

0.25

0.620

2

51

0.11

0.898

50

1.60

0.210

50

0.10

0.872

48

0.00

0.974

50

0.22

0.805

51

0.79

0.458

1

51

107.59

<.0001

50

0.70

0.409

50

0.10

0.803

48

0.40

0.552

50

2.03

0.160

51

10.68

0.002

2

51

1.83

0.170

50

2.00

0.149

50

1.30

0.271

48

0.20

0.802

50

1.83

0.171

51

2.25

0.116

1

51

0.32

0.574

50

0.00

0.839

50

0.10

0.727

48

0.10

0.713

50

0.02

0.896

51

0.01

0.931

2

51

0.22

0.802

50

0.30

0.716

50

0.50

0.620

48

1.50

0.238

50

3.09

0.054

51

0.38

0.687

2

51

0.30

0.740

50

0.10

0.925

50

0.20

0.832

48

3.60

0.034

50

0.85

0.434

51

0.64

0.533

Specialists
Warming (W)

F

Artemisia verlotiorum
1

Generalists
Warming (W)

denDF

Centaurea scabiosa
1

51

2

51

1

51

2

51

1

0.90

Dianthus cartusianorum
0.335

51

0.90

0.402

77.00

<.0001

2.80

51

2
2

Onobrychis viciifolia

Plantago media

Prunella grandiflora

42.93

<.0001

44

3.03

0.089

51

0.20

0.666

47

0.44

0.512

51

0.09

0.910

44

0.67

0.518

51

2.40

0.103

47

1.29

0.285

51

10.05

0.003

44

1.78

0.189

51

6.50

0.014

47

8.06

0.007

0.073

51

2.51

0.091

44

0.47

0.629

51

1.20

0.323

47

1.82

0.173

0.30

0.605

51

3.68

0.061

44

0.02

0.902

51

5.10

0.029

47

0

0.961

51

0.10

0.889

51

5.16

0.009

44

1.00

0.377

51

0.30

0.716

47

1.26

0.294

51

1.80

0.176

51

1.13

0.332

44

1.01

0.372

51

0.00

1.000

47

0.49

0.617
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Appendix 4: The effect of extreme events, warming, plant community, and their interactions on biomass of invaders, generalist and specialists
one year after the extreme events (2011). Significances are indicated in bold.

numDF

Invaders

denDF

F

P

Artemisia verlotiorum

Warming (W)

1

45

Extreme events (EE)

2

45

Plant community (P)

1

45

W x EE

2

45

WxP

1

45

EE x P

2

EE x W x P

2

Generalists

6.91

denDF

F

P

Bromus inermis
0.012

51

0.65

0.528

51

24.99

<.0001

51

1.68

0.198

51

1.20

0.279

51

45

4.15

0.022

45

0.99

0.380

Centaurea jacea

denDF

F

P

Epilobium ciliatum

1.92

denDF

F

P

Erigeron annuus

denDF

F

P

Lupinus polyphyllos

0.172

41

0.50

0.482

50

0.13

0.725

14

2.08

0.171

0.55

0.583

41

6.77

0.003

50

0.62

0.541

14

0.80

0.469

71.65

<.0001

41

2.42

0.128

50

7.62

0.008

14

2.83

0.115

0.87

0.425

41

0.47

0.629

50

1.94

0.155

14

0.15

0.860

0.12

0.726

41

0.02

0.877

50

0.08

0.784

14

0.69

0.421

51

0.38

0.689

41

1.92

0.159

50

0.23

0.797

14

0.55

0.590

51

1.03

0.365

41

2.02

0.146

50

0.86

0.431

14

2.86

0.091

Dactylis glomerata

Lotus corniculatus

Plantago lanceolata

Silene vulgaris

Warming (W)

1

50

0.23

0.630

51

7.23

0.010

51

20.41

<.0001

45

0.20

0.660

49

3.54

0.066

Extreme events (EE)

2

50

0.84

0.439

51

1.46

0.241

51

0.96

0.391

45

1.18

0.317

49

0.60

0.551

Plant community (P)

1

50

23.36

<.0001

51

7.83

0.007

51

0.80

0.377

45

0.30

0.586

49

2.58

0.115

W x EE

2

50

0.38

0.687

51

0.84

0.437

51

1.42

0.251

45

0.79

0.459

49

1.48

0.238

WxP

1

50

1.06

0.307

51

0.43

0.517

51

0.58

0.449

45

4.23

0.046

49

0.02

0.892

EE x P

2

50

0.13

0.877

51

0.54

0.587

51

0.19

0.830

45

0.25

0.783

49

0.62

0.542

EE x W x P

2

50

0.04

0.961

51

1.34

0.270

51

0.45

0.640

45

1.24

0.298

49

0.41

0.664

Specialists

Centaurea scabiosa

Dianthus cartusianorum

Onobrychis viciifolia

Plantago media

Warming (W)

1

50

0.00

0.966

50

32.66

<.0001

27

1.58

0.219

49

0.00

0.969

Extreme events (EE)

2

50

1.20

0.309

50

0.38

0.689

27

0.21

0.811

49

0.37

0.693

Plant community (P)

1

50

33.45

<.0001

50

43.47

<.0001

27

0.65

0.428

49

25.58

<.0001

W x EE

2

50

1.44

0.248

50

2.09

0.134

27

0.03

0.974

49

1.92

0.157

WxP

1

50

1.57

0.216

50

0.95

0.335

27

0.27

0.608

49

0.21

0.645

EE x P

2

50

2.28

0.113

50

5.50

0.007

27

0.03

0.970

49

0.53

0.591

EE x W x P

2

50

1.33

0.274

50

1.28

0.288

27

0.00

0.999

49

0.53

0.595

80

Field experiment

Chapter 3
Drought and disturbance may promote range expansion
of invasive species

Iris R. Altenburger1*, Peter J. Edwards1, Jake M. Alexander1 and Regula
Billeter1
1Institute

of Integrative Biology, ETH Zürich, Universitätsstrasse 16, CH-8092

Zürich, Switzerland.
* Correspondence: Iris R. Altenburger, Institute of Integrative Biology, ETH
Zürich, Universitätsstrasse 16, CH-8092 Zürich, Switzerland.
E-mail: iris.altenburger@env.ethz.ch
Article Type: Research paper

81

Chapter 3

Abstract
The projected increase in frequency of extreme climatic events may
substantially shape plant communities and possibly promote plant invasions.
Extreme droughts, for instance, can cause large-scale disturbances that
provide ideal conditions for non-native species to establish. However, it
remains unclear how drought influences invaders in their reproductive stage
and whether interacting effects with disturbance can additionally contribute
to range expansion of non-native invasive species. We investigated the impact
of drought and disturbance on the performance of two non-native plant
species, Erigeron annuus and Epilobium ciliatum, at three sites at each of three
altitudes (600, 1200 and 1800 m a.s.l.) in Switzerland. At each site we planted
seedlings into native vegetation and into disturbed sites, and exposed half of
them to a 12-week drought. The effects of the drought treatment upon soil
moisture and biomass of the native vegetation declined strongly with altitude.
The growth of both species was reduced by drought and enhanced by
disturbance. At sites above their altitudinal range, the species showed
contrasting responses. Erigeron annuus was only affected by drought when
growing in competition, whereas Epilobium ciliatum was impacted in both the
disturbed and competition plots. Our results suggest that extreme drought
will only promote populations of non-native species if it substantially reduces
the vigour of the native vegetation, which is most likely to occur in the
lowlands. Thus, extended dry periods are unlikely to facilitate the expansion
of non-native species beyond their current altitudinal limits because of the
declining ecological impact of drought with elevation.

Key words: plant invasion, climate change, extreme events, drought, Erigeron
annuus, Epilobium ciliatum, range expansion, elevational gradient
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Introduction
Species introduced into a new range are often limited in their spread, either
by dispersal constraints or by unfavourable abiotic or biotic conditions (Dietz
and Edwards 2006, Thuiller et al. 2006). However, there is increasing evidence
that with global change some species overcome these limitations and become
invasive (Dukes and Mooney 1999, Thuiller et al. 2007, Bradley et al. 2010).
For example, non-native species may be favoured by increased land-use
intensity, habitat fragmentation (Lodge 1993) and especially by altered
disturbance regimes (Davis et al. 2000) that provide resource pulses and
reduced competition by resident species (Hobbs and Huenneke 1992, Mack et
al. 2000, Alpert 2006). In particular, climate change is expected to favour the
spread of non-native species (Vilà 2007).
The ecological impact of increasing mean global temperatures (IPCC 2007)
can already be seen in the expansion of some native species, in changes in
community composition, in phenological shifts (e.g. Davis and Shaw 2001,
Walther et al. 2002, Parmesan and Yohe 2003, Walther 2004, Aerts et al. 2006,
Memmott et al. 2007) and also in biological invasions (Dukes and Mooney
1999, Walther 2002, Walther et al. 2009, Verlinden and Nijs 2010, Willis et al.
2010). Several studies have shown that with increasing temperature, species
may colonize areas where climatic conditions were previously unsuitable
(Loebl et al. 2006, Landolt 2007, Nobis et al. 2009). For example, some nonnative species are spreading to higher latitudes and altitudes, which has been
attributed to climate warming (Kriticos et al. 2003, Ohlemuller et al. 2006,
Moser et al. 2011).
Projections of future climate predict not only warmer mean temperatures,
however, but also changes in precipitation, with extreme events such as
droughts and heavy rainfall becoming more likely (IPCC 2007). While several
publications have discussed how these events may affect plant interactions,
plant communities and even ecosystems as a whole (Grime et al. 2000,
Kahmen et al. 2005, Kreyling et al. 2008, Jentsch et al. 2011), few have
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considered the consequences for plant invasions (but see White et al. 2001,
Gitlin et al. 2006, Mason et al. 2012, Sheppard et al. 2012). In a recent review,
however, Diez et al. (2012) describe how extreme climatic events may
influence biological invasions during the different stages of the invasion
process. Depending upon the nature of the extreme event we might predict
two kinds of effect for the established vegetation: on the one hand a storm or
an exceptionally hot period might directly kill plants; on the other hand some
extreme events might cause stressful conditions that restrict plant growth and
reproduction. In either case, invasive non-native species might profit
(Chesson and Huntly 1997, Morecroft et al. 2004), especially if they tolerate
broader environmental conditions than the resident species (Dukes and
Mooney 1999) and have traits enabling rapid colonization of disturbed areas
(Py!ek and Richardson 2007). However, there appear to have been only few
experimental studies of whether extreme events like droughts do indeed
favour non-native species, or of how interactive effects of drought and
disturbance influence their establishment and spread (but see Sheppard et al.
2012).
Mountains provide an excellent model system to address these questions.
Elevation limits represent invasion fronts and environmental conditions
change rapidly along elevational gradients (Arévalo et al. 2005, Alexander et
al. 2009). By conducting experiments along an elevational gradient it is
possible to test whether different aspects of global change, such as
disturbance or extreme events, enable non-native species to extend their
ranges. Although large-scale invasions by non-native plants nowadays are
largely restricted to lowlands, there is increasing evidence that some species
are spreading to higher altitudes (Becker et al. 2005, Cavieres et al. 2005,
Pauchard et al. 2009, Alexander et al. 2011). The fact that these populations
occur mostly along roadsides (Seipel et al. 2012), however, suggests that open
(disturbed) sites are crucial for plants to invade into mountainous regions
(Poll et al. 2008, Alexander et al. 2009). Pauchard et al. (2009) argue that
milder temperatures and longer growing seasons due to climate change are
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likely to make high elevational ecosystems more vulnerable to invasions (see
also Theurillat and Guisan 2001).
We performed an experiment to investigate how extreme drought and
disturbance might influence the success of introduced plant species along an
elevational gradient. We asked the following questions:
1. Do extreme drought conditions, disturbance and their interaction
promote the performance of non-native plants?
2. Do drought and disturbance promote the establishment of non-native
plants beyond their range margin?
To answer these questions we studied two herbaceous species, Erigeron
annuus and Epilobium ciliatum Rafinesque, that are invasive in Switzerland.
Both are ruderal species with a wide tolerance to varying environmental
condition. However, while Erigeron annuus is able to invade extensively
managed dry meadows and poses an increasing problem for conservation
(Frey and Baltisberger 2003, Doppler and Egloff 2009), Epilobium ciliatum is
restricted to highly disturbed and ruderal sites and is not currently a cause for
concern (Wittenberg et al. 2005).
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Material and methods
Study area
A transplant experiment was set up on the north side of the Upper Rhein
valley in the canton of Grisons in eastern Switzerland (46°50’ N, 9°26’ E). The
study area has an easterly to south-easterly aspect and is covered mainly by
Pinus silvestris forests, with scattered settlements, pastures and meadows. At
each of three altitudes (600, 1200 and 1800 meters above sea level (m a.s.l.)) we
established three replicate experimental gardens 2 to 7 kilometres apart. All
gardens were located in extensive dry meadows or pastures on land that was
either flat or gently sloping, and with little or no shade from trees. The
bedrock of all nine sites was calcareous (pH 4.5-6.9). The mean annual
temperatures (MAT) at the three elevations were estimated to be 8.2°C, 5.1°C
and

2.3°C

(data

extracted

from

the

WORLDCLIM

database;

http://worldclim.org/). The data of the mean precipitation during the
timespan of the experiment (April to August 2011) can be found in the
Appendix.

Study species
Erigeron annuus (L.) Pers. (Asteraceae) is a widespread, apomictic, triploid
winter annual (Edwards et al. 2006). Seeds typically germinate in August and
seedlings overwinter as rosettes, producing flowers and dying in the
following summer. However, we observed considerable variation in the life
cycle, with some plants remaining as rosettes until the second or third
summer, and others flowering in more than one year (personal observation).
Although sexual reproduction has never been recorded, the high level of
genetic variation within populations suggests that it does occasionally occur
(Edwards et al. 2006). The species produces large numbers (<100’000) of
minute seeds that are readily dispersed (Stratton 1992).
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E. annuus is native to tall-grass prairies in the eastern part of the United States,
but has become a common weed in many parts of North America. It became
naturalized in Central Europe in the 18th century, and is now widespread in
disturbed habitats such as roadsides (Holm 1979). In Switzerland it has been
considered to be invasive and is listed on the Watch List of alien species
(CPS/SKEW 2008). In addition to ruderal habitats it is becoming increasingly
abundant in species rich and extensively managed dry meadows (Frey and
Baltisberger 2003).
Epilobium ciliatum Raf. (Onograceae) (=E. adenocaulon Hausskn.) is a diploid
perennial that also originates from North America. It is mainly self-pollinated,
which results in low genetic variability (Myerscough and Whitehead 1966),
and a single plant may produce up to 60,000 wind-dispersed seeds. E. ciliatum
also reproduces vegetatively, forming rosettes that overwinter and may
become separated from the parent plant and dispersed by burrowing animals
or agricultural activities (Myerscough and Whitehead 1966, Keating et al.
1982). It was first recorded in Europe in 1891 (Preston 1989) and has since
become widespread in moist, nutrient-rich, disturbed habitats (Myerscough
and Whitehead 1967, Raven 1976, Wittig 1980, Keating et al. 1982, Wittenberg
et al. 2005). E. ciliatum invades extensively managed arable land, and is one of
the most rapidly expanding alien species in Central European agroecosystems (Belde et al. 2000, Weber 2000, Wittenberg et al. 2005).
In the study area, E. annuus is common < 1000 m a.s.l., where it grows along
roadsides and even in semi-natural grassland (personal observation). E.
ciliatum has also been recorded (Lauber 2012), though we did not observe it
during our study, suggesting that any natural populations are small and
scattered.
Seedlings of both species were raised in early spring in a greenhouse in
Zurich, Switzerland (47°22’ N, 8°32’ E, 415 m a.s.l.). Seeds for E. annuus were
obtained from a garden experiment in Zurich (see chapter 1 and 2). Ten plants
that had been grown under outdoor conditions were randomly chosen and
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seeds were collected. E. ciliatum seeds were obtained commercially. To avoid
maternal effects, ten plants were grown from these seeds and cultivated in the
greenhouse until flowering. Subsequently, the resulting seeds were collected
and used for the experiment. Seeds were soaked in gibberellic acid for 24
hours before sowing. Seeds of the two species were sown in standard, peatfree potting compost on the 6th of April and grown in the greenhouse until
May when they were transplanted to the field. At that time E. annuus was at a
four-leaf stage and E. ciliatum at ten-leaf stage.

Experimental design
The experiment was carried out with three fully crossed factors: (1) elevation
(AL) (600, 1200 and 1800 m a.s.l.), (2) drought treatment (DR) (drought and
ambient control) and (3) disturbance (DI) (alien species grown in native
vegetation (v) and alien species grown on bare soil (ba)). At each of the nine
sites we set up four hexagonal plots (experimental units) of 180 cm diameter,
which were subdivided to give three equal subunits, one for the disturbance
treatments and two containing native vegetation (from which one was not
used in the subsequent analysis). The disturbance was achieved by removing
the uppermost soil containing the roots of the native vegetation and also any
larger roots and stones. On the other subplot (v) native vegetation was left
intact. Periodical weeding was carried out to keep the bare soil clear. Each
factorial combination was replicated six times at each site.
The seedlings raised in the greenhouse during early spring 2010 were
transplanted into the field on May 7 2010 (plots at 600 m a.s.l. and 1200 m
a.s.l.) or May 22 (plots at 1800 m a.s.l.). In this first year (2010) plants were
established at the field sites and only the disturbance treatment was applied
(no drought treatment in 2010). In each plot, four individuals per species were
grown on bare soil (ba) and four in the native vegetation (v). Plants were
randomly chosen and evenly spaced over the whole subplot. In the second
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year (2011) any plants that had died were replaced from a stock of surplus
plants growing at the same site.

Drought treatment
The drought treatment was applied by covering two randomly chosen plots at
each site with roof-shaped ‘rainout’ shelters. These consisted of wooden
frames covered by a polyethylene foil (“UV B Window”, obtained at
www.folitec.de) transmitting 89-90% of photosynthetically active radiation
and 70% of UV B. They were constructed so as to promote air exchange and
thereby minimise any surface heating (Kahmen et al. 2005). Nonetheless,
mean daytime temperatures were significantly raised beneath the shelters (F=
24.21, p< 0.001), being 1.09°C higher than ambient at 600 m a.s.l., 0.75°C
higher at 1200 m a.s.l., and 0.66°C higher at 1800 m a.s.l.. However, no
significant temperature difference was detected at night. Similarly we found
no significant difference in air humidity at night. During the day, it was less
humid under the shelters (F=17.14, p=0.0061): 7,7% drier at 600 m a.s.l., 7,4%
at 1200 m a.s.l. and 10,2% at 1800 m a.s.l..
The drought treatment was started on the 5th, 13th and 18th May 2011 at 600 m,
1200 m and 1800 m a.s.l., respectively, and lasted 12 weeks at all sites. By
chance, the treatment was imposed at the end of a long period without rain
(i.e. a natural drought), so that the soil was unusually dry even before the
experiment began. During the period of the experimental drought the average
rainfall measured at 600 m a.s.l. was 119 mm, at 1200 m a.s.l. 139 mm and at
1800 m a.s.l. it was 151mm (see also Appendix, data obtained from the Federal
Office of Meteorology and Climatology MeteoSwiss). To assess the effect of
the rainout shelters upon soil conditions, soil moisture was measured every
second week using a HH2 Moisture Meter (Delta T-Device).
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Measurements
The winter survival of the study plants was recorded before applying the
drought treatment. Subsequently, plants were monitored each week to
determine height, survival and date of first flowering (FFD). Survivorship
was assessed for both the period of the drought, and for the whole
experiment.
All plants were harvested two weeks after first flowering (to prevent new
plants establishing from seeds), or at the end of August 2011 if they did not
flower. In August, the above-ground vegetation from a 10 x 90 cm strip in the
middle of the vegetated subplot was also harvested. All material was dried
for 2 days at 70°C to determine above-ground biomass. Plant reproduction
was measured by counting the number of inflorescences at harvest.
Four individuals at each experimental site were wrapped with fine
transparent nylon fabric after flowering and left in place until seed set. These
seeds were then used to determine the germination rate. 100 seeds per plant
were germinated on wet filter paper in Petri dishes in a growth cabinet (20°C).

Data analysis
Effects of drought, disturbance and altitude on species’ traits, native
vegetation and soil water content were analysed with mixed-effect model.
Biomass of target plants, their stem height, the biomass of native vegetation
and soil water content were analysed with linear mixed models (LMM), while
the number of inflorescences and germination rate of seeds were analysed
with generalised linear mixed models (GLMM) using the log-link function
and a Poisson error distribution. In addition, a GLMM with the logit-link
function (Binomial error distribution) was used to analyse the proportion of
flowering plants and the survival variables. The fixed factors in both types of
analysis were drought treatment (drought or control), disturbance (bare soil
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or native vegetation) and altitude (600, 1200 or 1800 m a.s.l.), while the
random factors were the plots (nested within sites). In LMMs, biomass of E.
annuus was log-transformed and the biomass of E. ciliatum and of native
vegetation were square-root transformed to meet the analytical assumptions
(normally distributed random effects and normality and homogeneity of
residual variance). For LMMs, inference of fixed factors was based on F-tests
for comparison of models (Pinheiro and Bates 2009) and the Kenward-Roger
approximation was used to determine the denominator degrees of freedom
(Kenward and Roger 1997). Main effects were tested by single term deletion
from a main effects model, and interactions were tested similarly, but using a
model containing all lower order effects. The same approach was used in the
GLMMs but with likelihood ratio tests (Pinheiro and Bates 2009). Differences
among factor levels were tested based on the fitted models’ contrasts.
All analyses were carried out with the statistics software R (R version 2.15.0, R
Development Core Team, 2012) using the packages nlme and lme4.
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Results
The effect of the drought treatment on soil water content and on biomass of
native vegetation
The average soil water content during the 12 weeks of drought treatment
increased along the elevational gradient, being highest at 1800 m a.s.l. (Fig. 1a,
Tab. 1). Bare soil was drier than vegetated soil, showing an amplification of
this pattern with higher altitude. Throughout the 12-week drought treatment
soil water content on drought-exposed plots was significantly lower
compared with control plots (Fig. 1a, Tab. 1), though the magnitude of this
effect declined with altitude. Prior to our experimental drought treatment, the
whole study area was affected by a natural drought, thus soil water content
was already unusually dry at the starting point of the experiment. Figure 1b
illustrates the increase (positive values), resp. decrease (negative values) of
the soil water content during the drought treatment. While on the controls
soil water content increased (due to incipient precipitations after having
started with the experiment), it further decreased on the drought-exposed
plots (Fig. 1b, Tab. 1). The difference between the soil water content before
and after the experimental drought was highest at 600 m a.s.l. and lowest at
1800 m a.s.l., both for drought-exposed plots and for controls (Fig. 1b, Tab. 1).
Overall, drought had a significant negative effect on above-ground biomass of
the native vegetation measured in August (Fig. 2, F = 11.93, p = 0.002), though
this effect also declined with altitude (interactions DR x AL: F = 2.8, p = 0.078).
Thus, biomass was reduced by 41.2% at the lowest altitude and by 33.3% at
mid-altitude, but was unaffected by drought at the highest altitude.
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Figure 1: (a) Soil water content at the end of the drought treatment (600 m a.s.l. measured on the 19th of
July 2011, 1200 and 1800 m a.s.l. measured on the 2nd of August 2011). (b) Difference in soil water
content before and after the drought treatment.
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Figure 2: Biomass [g/0.09m2] of the native vegetation along the altitudinal gradient under ambient
conditions (C) and exposed to an extreme drought treatment (D). Asterisks indicate significant effects
of the drought treatment.
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Table 1: Effects of drought, disturbance, altitude, and their interactions on soil water content (mean value
averaged throughout the 12 weeks of treatment) and on the difference of the soil water content measured
at the beginning and at the end of the drought treatment. Significant effects are indicated in bold.

Soil water content
Average value for the 12 weeks

Difference before and after the treatment

Variable

numDF

numDF

denDF

Drought (DR)

1

24

460.0***

1

24

142.1***

Disturbance (DI)

1

30

18.5***

1

28

2.8

Altitude (AL)

2

6

5.6*

2

6

2.5

DR x DI

1

30

5.1*

1

28

<0.1

DR x AL

2

24

3.0(*)

2

24

14.7***

DI x AL

2

30

3.1(*)

2

28

0.7

DR x DI x AL

2

30

0.4

2

28

0.9

denDF

F-value

F-value

(*) P<0.5; * P<0.1; ** P<0.01; *** P<0.001

The effect of drought and disturbance on non-native plant performance and
reproductive performance along an elevational gradient
Erigeron annuus
Drought reduced the performance of E. annuus, whilst disturbance on average
promoted it. For most fitness traits drought had a similar negative effect at all
altitudes (Fig. 3a-3d, Tab. 2). While drought reduced the number of
inflorescences at low altitude by more than 50% (interactions DR x AL:

!

2

=

6.9, p = 0.074, Fig. 3b), however, it had no effect upon this parameter at midand high altitudes. Interestingly, seeds from plants grown under dry
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conditions tended to have higher germination than seeds from plants grown
under ambient conditions (drought: 81.0 ± 1.8%, control: 76.0 ± 1.7%,

!

2

= 3.80,

p = 0.051).
Even if E. annuus was clearly favoured by disturbance, the extent was not the
same at the three altitudes (interactions DI x AL; Tab. 2, Fig. 3). At the lowest
altitude there was no difference between disturbed and undisturbed plots for
stem height and the proportion of flowering plants. At mid- and high altitude,
in contrast, we measured considerably more flowering plants with taller
stems on disturbed than on undisturbed plots (Tab. 2, Fig. 3b and 3d).
Biomass and number of inflorescences, on the other hand, were significantly
reduced at higher altitude while disturbance had, on average, the same
positive effect along the entire elevational gradient. However, the advantage
of growing on disturbed sites relative to undisturbed sites tended to decrease
along the elevational gradient for biomass (Fig. 3a) and number of
inflorescences (Fig. 3c).
The interacting effects of drought and disturbance also varied along the
elevational gradient (Fig. 3, Tab. 2 and 3; significant 3-way interaction),
particularly for biomass and stem height. At the highest altitude, drought
significantly reduced the height, biomass and number of flowering E. annuus
when growing in competition with native vegetation, but not in disturbed
plots (Fig. 3a-3d, Tab. 2 and 3). Similarly, it had no effect upon the number of
inflorescences in either disturbed or undisturbed plots at the highest altitude,
whereas it reduced biomass, plant height and number of inflorescences
equally at low altitude.
The disturbance treatment increased the survival of E. annuus (Tab. 3). Thus,
total population survivorship, as well as winter survival and drought period
survival were higher when plants grew on disturbed plots. In contrast, there
was no difference in survival rates along the elevational gradient. Similarly to
the growth of individual plants at high altitude, survival of E. annuus was less
affected by drought on disturbed plots (Tab. 3).
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Epilobium ciliatum
Altitude had less effect upon the growth, reproduction and survival of E.
ciliatum than for E. annuus (Tab. 2 and 3, Fig. 4a- 4d), though the relative
importance of disturbance increased (Tab. 2 and 3). Indeed, at the highest
altitude, E. ciliatum scarcely flowered except on disturbed plots while at low
and mid- altitude the advantage of disturbance was much less pronounced
(Fig. 4d). We observed the same pattern for stem height and number of
inflorescences, and less significantly also for biomass (Fig. 4a, 4b, 4d; Tab. 2).
Drought reduced the survival of E. ciliatum plants, with survivorship of
droughted plants being significantly lower for plants in competition than for
plants in bare soil (Tab. 3). It also reduced the performance of survivors, but
this effect was independent of the disturbance treatment.
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Table 2: Effects of drought, disturbance, altitude, and their interactions on performance of Erigeron annuus and Epilobium ciliatum. Significant effects e indicated in bold.
Biomass‡

Stem height‡

Number of inflorescences§

E. annuus

E. ciliatum

Proportion of flowering plants§

E. annuus

E. ciliatum

Variable

dfeffect

Drought (DR)

1

25.5***

3.1(*)

68.7***

21.0***

24.8***

44.2***

8.1**

14.5***

Disturbance (DI)

1

367.8***

66.2***

74.7***

26.4***

147.6***

367.0***

41.5***

19.2***

Altitude (AL)

2

4.1(*)

2.0

2.3

2.3

DR x DI

1

<0.1

<0.1

0.5

<0.1

DR x AL

2

3.4

0.5

0.5

DI x AL

DR x DI x AL
‡

E. annuus

E. annuus

E. ciliatum

0.2

1.6

1.9

7.7*

3.3(*)

2.4

0.2

7.4**

1.7

0.1

2.3

0.3

6.9*

2

1.7

2.9(*)

8.0***

7.5***

5.2(*)

2

3.0(*)

2.1

4.9**

0.3

3.0

F values and their significance

§

E. ciliatum

2

! values and their significance

(*) P<0.1; * P<0.5; ** P<0.01; *** P<0.001

27.8***

1.9

6.6**

<0.1

20.5***

1.5
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Table 3: Effects of disturbance and altitude on the winter survival, effects of drought, disturbance and
altitude on survival during the drought treatment and overall population survivorship of the summer season
2011 for Erigeron annuus and Epilobium ciliatum.

Variable

dfeffect

Winter survival§

Drought event survival§

overall survivorship§

E. annuus

E. annuus

E. annuus

Drought (DR)

1

-

Disturbance (DI)

1

5.9*

Altitude (AL)

2

1.9

DR x DI

1

DR x AL

E. ciliatum

2.1

8.7**

0.5

8.3**

8.1**

8.7**

2.6

1.0

2.9

-

-

2.9(*)

2

-

-

4.2

DI x AL

2

0.9

1.7

DR x DI x AL

2

-

-

‡
§

-

E. ciliatum

37.3***

10.8***

<0.1

E. ciliatum

2.9(*)
12.5***

2.4

2.9(*)

4.3*

1.8

2.8

1.9

3.0

0.7

3.1

3.0

<0.1

1.0

<0.1

4.7

F values and their significance
2

! values and their significance

(*) P<0.1; * P<0.5; ** P<0.01; *** P<0.001
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Erigeron annuus
(b)
***

60

*

40

1800

1200

1800

1800

1.0

(d)

0.8

**

0.6

100
50
0
600

1200

0.4

***

150

**

600

Proportion of flowering plants

(c)
200

*

0.2

1200

0.0

600

Number of inflorescences

**

0

5

b:C
b:D
v:C
v:D

*

80

**

20

*

Stem height [cm]

**

10

***

0

Biomass [g]

15

(a)

600

1200

1800

Altitude [m a.s.l.]
Figure 3: Erigeron annuus: (a) biomass, (b) stem height, (c) number of inflorescences and (d)
proportion of flowering plants. Asterisks indicate significant effects of the drought treatment.
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Epilobium ciliatum
(b)

1200

***

30

*

20

1800

600

1200

1800

30
20
10
0
600

1200

1800

1.0

**

*

0.8

*

0.6

**

0.4

*

0.2

*

0.0

***

Proportion of flowering plants

60

(d)

40

50

**

0
600

(c)
Number of inflorescences

*

10

Stem height [cm]

0.5

1.0

1.5

40

.

b:C
b:D
v:C
v:D

0.0

Biomass [g]

2.0

(a)

600

1200

1800

Altitude [m a.s.l.]
Figure 4: Epilobium ciliatum: (a) biomass, (b) stem height, (c) number of inflorescences and (d)
proportion of flowering plants. Asterisks indicate significant effects of the drought treatment.
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Discussion
The aims of this paper were to investigate the hypotheses that extreme
climate events – in this case, drought – can (a) make non-native species more
invasive, and (b) enable them to expand their altitudinal range. There are two
main processes that could cause these effects. First, a drought or other
extreme event could reduce the vigour or fitness of native plants more than
non-native species (Diez et al. 2012). This process seems likely, since invading
species often have broader environmental tolerances (Dukes and Mooney
1999) and higher phenotypic plasticity than native species (Matzek 2012), and
- depending on the habitat and the climate of origin - some invaders may be
pre-adapted to more extreme climatic conditions (Daehler 2003). Thus,
previous studies have shown that invasive species are often more drought
tolerant than native species (Schmidli and Frei 2005), and/or can profit from
the reduced competitive ability of the resident vegetation due extreme
dryness (Mason et al. 2012) or temperature (White et al. 2001). Second, the
extreme event might create gaps in the native vegetation, providing invasive
species with a regeneration niche (Grubb 1977) that was lacking in the
previously closed vegetation. In these gaps, the colonising plants might also
benefit from a pulse of resources released as the native species were
suppressed (Py!ek and Richardson 2007, Parepa et al. 2013).
Our 12 weeks treatment using rain-out shelters was successful in
simulating an extreme drought, the more so because the soil had been
unusually dry before the experiment commenced. However, the effects of the
treatment varied greatly with altitude, being much greater at 600 and 1200 m
than at 1800 m. Thus, while drought significantly reduced the biomass of the
native vegetation at the lower and middle sites, it had no effect at the upper
site. Similarly, soil moisture content was less affected by the drought
treatment at the upper site than lower down. This declining effect of drought
upon moisture conditions with altitude is likely to be a general one, since
potential evaporation declines with declining temperature (Körner 2003).
Furthermore, in the prolonged drought of 2003, soil moisture remained higher
101

Chapter 3
at high altitudes (Jolly et al. 2005). Thus, extreme drought may be of less
ecological significance at high altitudes.

Do extreme drought conditions, disturbance and their interaction favour
invasive non-native plants?
Although their growth was reduced by drought, most of the introduced
plants of both species survived, suggesting that an extreme dry spell at the
adult stage may not be critical. A plant’s reaction to extreme drought,
however, depends upon the stage of development (Heschel and Riginos 2005,
Franks et al. 2007), and we might have obtained different results had we
studied the establishment phase. For example, Stratton (1992) observed that E.
annuus is sensitive to drought in autumn, when plants are at an early
establishment stage. In the case of E. ciliatum, however, we did observe an
interesting morphological response to drought, with plants producing more
rosettes than undroughted control plants. Many alpine plants produce
rosettes, which have been interpreted as an adaptation to unsuitable growing
conditions due to a range of abiotic stress factors (Körner 2003). This suggests
that despite highly reduced performance, E. ciliatum may be able to survive
periods when growing conditions are unfavourable.
Plants of both species benefited greatly from disturbance. Thus, performance
in the treatment with both disturbance and drought was higher than it was
under competition without drought. This demonstrates that the positive
effects of disturbance can compensate for negative effects of extreme events.
The survivorship data support these findings, with fewer plants surviving in
drought-stressed vegetation than in disturbed plots. Similarly, Gitlin et al.
(2006) found that fewer plants of six dominant plant species survived when
facing high levels of competition.
In general we see little evidence that drought per se will favour invasion by
the two species studied, though E. annuus appears better adapted to survive
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dry periods than E. ciliatum (also indicated by the indicator values of
Ellenberg et al. (1992)). However, their populations could expand in sites
where native plants are killed by drought, thereby providing gaps for
seedlings to establish (Diez et al. 2012). Indeed, disturbances are known to
promote community change by lowering competition and releasing new
resources, which can be exploited by invading species (Davis et al. 2000, Shea
and Chesson 2002). In our experiment, the effect of the drought upon the
native vegetation was most severe at the lowest site, suggesting that alien
plants are most likely to benefit in these areas.

Could drought and disturbance enable non-native plants to increase their
altitudinal range?
As discussed in the previous section, drought and disturbance may reduce
the intensity of competition. It may, therefore, enable invasive non-native
species to expand their range into currently less favourable climatic
conditions, as Pauchard et al. (2009) have proposed. In our study, the highest
experimental sites (1800 m a.s.l.) lay beyond the current range margin of both
species (Becker et al. 2005, Lauber 2012), allowing us to formulate predictions
about the potential of these species to expand their elevational ranges under
future climate change scenarios.
For both study species, the relative improvement in growth due to
disturbance increased with altitude. This result is consistent with an
experiment of Trtikova (2009) showing that growth of Erigeron annuus was
more affected by competition from grasses at a 1000 m than at 400 m, and also
with a similar study by (Poll et al. 2008) using several Asteraceae species
grown in common gardens along an elevational gradient. All these results
suggest that the ability of non-native species to establish at higher altitudes is
limited not only by abiotic factors (Pauchard et al. 2009) but increasingly also
by competition with the native vegetation. This idea is further supported by a
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recent survey showing that ruderal plants reach higher elevations and
latitudes in disturbed sites (Halbritter et al.). Similarly, several studies have
found that the number of non-native species that invade in more closed
vegetation away from roadsides decreases with elevation (Seipel 2011).
These patterns can be explained by the combination of enhanced abiotic stress
at higher altitude and biotic stress (competition); as species approach the
margins of their fundamental niche the effects of competition become
increasingly decisive. For example, in our experiment Epilobium ciliatum
flowered successfully at 1800 m, but only in the absence of competition. An
extreme event such as a drought that created a gap or reduced the intensity of
competition at high elevation might therefore allow a drought-tolerant
invasive species to expand its elevational ranges.

However, as our

experiment has also shown, the ecological significance of drought diminishes
with increasing altitude, at least in our study area, so that any range
expansion is likely to be small.

Conclusions
The positive effect of disturbance on non-native plants both within and
beyond their range margin suggests that extreme events might promote
invasion and range expansion when they result in large-scale disturbance of
native vegetation. However, this may also be true for native species,
especially generalists. Many of them show characteristics similar to those of
non-native invasive species (Godoy et al. 2011, Palacio-López and Gianoli
2011) and may therefore profit in the same way. Furthermore, the effects
described here may be amplified by other factors related to global change
(Thuiller et al. 2007). The projected global warming (IPCC 2007), for example,
will probably reduce abiotic stress at higher altitudes and therefore facilitate
the range expansion of invasive species, native or alien, into higher elevations
(Theurillat and Guisan 2001, Walther et al. 2009). This is especially true for
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mountain regions (Pauchard et al. 2009), where anthropogenic disturbances
may create gaps in previously closed vegetation, thereby and enabling some
species to move to higher elevations. Where this happens, we can expect to
observe native and non-native species from the lowlands expanding the
altitudinal ranges, contributing to a homogenization of the flora, that has
already been observed in some regions (Peter et al. 2008, Homburger and
Hofer 2012). To predict the extent and speed of such effects, more
experiments would be needed that combine these different aspects of global
change (warming, disturbance, extreme events) and test different stages of
development of many species, including natives. Even if the expansion of new
species cannot be halted, a better understanding of how these contributing
factors interact might help us to mitigate effects of newly arriving on resident
species.
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Appendix:
Mean precipitation data 2011 April-August of all field sites
Precipitation in mm
Altitude (m a.s.l.)

Site

April

May

June

July

August

600

Boefel

15

80

119

137

105

600

Eichwald

15

96

127

151

110

600

Chlara

21

90

134

141

115

1200

Luschnera

15

87

133

162

105

1200

Ochsenboden

20

101

149

174

130

1200

Sur Crap

18

113

147

189

127

1800

Punt Desch

22

112

168

211

140

1800

Neusaess

20

101

149

174

130

1800

Purcs

19

113

148

187

126
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Chapter 4
General Discussion
The influence of climate change on invasions: contrasting the effects
of higher temperatures and extreme events
One of the major findings of this thesis is the observation that non-native
invasive species do not possess an advantage per se over native species under
different aspects of climate change. They neither profited more from
increased temperatures, nor were they less negatively affected by extreme
events.
In all my experiments, the effects of competition were found to exert a greater
influence on the success of invaders than the effects of extrinsic changes in the
abiotic environment. My results therefore indicate that climate change may be
a driving factor in the invasion process where climate change substantially
reduces the competitive ability of the native vegetation. I also assume that
climate-driven invasion does not primarily result from the highly stress
tolerant or plastic characteristics of non-native species which might enable
invaders to outcompete natives under changed abiotic conditions. Rather, I
propose that non-natives may be favoured by climate change, because they
are able to colonize habitats disturbed by climate change much more
efficiently than many natives. However, the different aspects of climate
change, namely gradual temperature increase and the occurrence of extreme
events may affect invasion processes in very different ways.
I conclude from my results that extreme events mainly influence invasions by
creating patches of disturbed areas, while the main climate-induced driver
under enhanced mean temperatures appears to be competition. In other
words, extreme events are suggested to be primarily responsible for
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increasing the invasibility of an ecosystem, while increased temperature is
likely to influence the invasiveness of the species.

Which plants profit most from warming?
Here I proceed on the assumption that for my study species, the effects of
warming had an advantageous rather than a stressful effect and therefore
temperature increase may have increased competition between species. As a
consequence, competitive balance will shift in favour of those species that
profit most from warming. In my experiment this was true for the native
generalist species, which were favoured by warmer temperatures and were
also able to profit from their strong competitive ability. The non-native
species dominated in the first year, when communities where in the
establishment phase and competition was low, but emerged as weak
competitors after the native species became fully established. This is hardly
surprising since invasive non-native species are often notable for their high
degree of ruderality and weediness (Theoharides and Dukes 2007) and rarely
become dominant without a substantial decline in the native community
(Didham et al. 2005, Bauer 2012). Therefore, under warmer climatic conditions
a species may only become dominant (invasive) if warming considerably
increases its invasiveness (=competitiveness) whereas natives comparatively
profit to a lesser extent.

How can extreme events shape the structure of plant communities?
I assume that the extreme events simulated in my experiment were not
extreme enough to provoke substantial impacts and reveal significant
differences in response between species groups (chapter 2). Unless extreme
events cause intense disturbance (chapter 3), statements, based on my own
results, about invasion risk after extreme events are difficult to formulate. The
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understanding that disturbance favours the establishment of invasive species
is widely supported (Davis et al. 2000), however the aim of my thesis was to
test whether non-native invaders retain an advantage when directly affected
by abiotic stress. The field experiment (chapter 3) partly answers this
question, where the two non-native species Erigeron annuus and Epilobium
ciliatum were subjected to drought treatment while at the same time being
out-competed by native vegetation, even though the native vegetation itself
also suffered badly due to dry conditions. This example illustrates that nonnative species cannot maintain their competitive ability under conditions of
extreme drought. However, for more precise results, direct comparisons
between different groups of native species and non-native species are needed
(as in chapter 1 & 2).
In my experiments I focused on managed grassland communities typically
found in central Europe, which could be either rich pastures containing
mainly common native generalist species, or dry meadows with more
specialized species. The non-native species were therefore all chosen because
they have the potential for invading such managed meadow communities. In
this thesis I do not consider communities, which have already been heavily
invaded due to high disturbance regimes (both natural and anthropogenic).
Rather, I especially focused on undisturbed and so far uninvaded
communities, which could however be disturbed and invaded under climate
change.
In the following section I propose potential, but hypothetical scenarios of how
extreme events may influence the abovementioned grassland communities in
their community composition and competitive balances between non-native
species and native generalists or native specialist species. The models shown
in Box 1 are all based on the assumption that prior to the extreme event plant
communities were relatively uninvaded and that disturbance is therefore the
main driver of non-native species colonization.
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Does increased temperature influence the effects of extreme events?
In my experiments the simulated temperature increase never influenced the
plants’ response to the extreme events. This finding might at first be
surprising, however, a recent meta-analysis also provides evidence that the
interactive effects of increased temperature and altered precipitation patterns
generally seem to be small (Wu et al. 2011). None the less, it is very likely that
increased temperature might intensify the effects of an extreme drought event
by increasing evapotranspiration (Verlinden et al. 2013). Considering the
hypothetical invasion models in my conceptual framework (Box 1), my results
suggest, that in the long term (and in the absence of any further disturbances
or stress events), the balance would always shift in favour to the most heattolerant species.

Which plants are most successful under conditions of predicted global climate
change?
The results of the models presented in my thesis suggest that in temperate,
managed grassland, climate change will predominantly favour native
generalist species and to a lesser extent also non-native species, while native
specialists will decline or even disappear. Native generalists and invasive
non-native species, which have broad environmental tolerances (Godoy et al.
2011, Palacio-López and Gianoli 2011), will not only profit from climate
change, but will also be favoured by other factors of global change such as
increased nitrogen-deposition or land-use intensification (Dukes and Mooney
1999). All these processes however, will negatively affect native specialists
and, in certain habitats, may lead to their complete loss (Schweiger et al.
2010). As a consequence, flora will be increasingly homogeneous (Smart et al.
2006). This biotic homogenisation is an on-going process and may already be
observed at regional and global scales (Peter et al. 2008, Clavel et al. 2010).
Again, not only non-native invaders, but also native generalists may drive
biotic homogenisation: ultimately it is not a matter of a plant’s origin which
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makes a species invasive, it is its ability to successfully grow and spread
under all the different impacts of global change (Davis et al. 2011, Thompson
and Davis 2011).

Climate change and plant invasions: is it possible to design experiments,
which enable accurate predictions?
Simulating future climate change is not only challenging because of
difficulties associated with the selection of the right methodology, but also
because of large uncertainties in projected climate change scenarios
(Seneviratne et al. 2012). Prior to designing experiments, one must decide
which scenarios are appropriate for simulation. However, the practicability of
the treatments may play a major role in choosing a particular climate scenario.
More often than not projects are financially limited, which limits the use of
sophisticated installations for simulating hotter and cooler conditions as well
as artificial rain or rain prevention, such as used by Mikkelsen et al. (2008),
Grime et al. (2008) and Jentsch et al. (2011).
However, every artificially simulated abiotic change will also involve
undesirable side effects. In our field study for example, we attempted to
induce an extreme drought without additional temperature increase, however
the rain-out shelters slightly enhanced temperatures relative to ambient
conditions. Furthermore, the foil of the open-top chambers (OTCs) used in the
garden experiment slightly reduced light intensity, and as a result plants
growing in OTCs received less photosynthetically active radiation than plants
growing outside OTCs. At the same time, plants in the OTC were less
disturbed by wind. However, even superior installations used to simulate
increased temperature, such as for example infrared heaters have negative
side-effects: they are likely to elevate vapour pressure gradients (VPGs) which
need to be compensated by additional watering (Kimball 2005). Nevertheless,
the climatic conditions simulated in my OTCs realistically reflect predicted
scenarios of increased temperature in the near future and lies well within the
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magnitude of other studies using different simulation methods (Beier et al.
2004, Kimball et al. 2008).
Even more complicated and more controversial are experiments simulating
extreme events. Scientist only recently began to recognize the importance and
extent of the importance of extreme events in ecology (Easterling 2000,
Gutschick and BassiriRad 2003, Jentsch et al. 2007). Due to the fact that
extreme events are usually not predictable in terms of their nature, duration,
seasonality and intensity it is not surprising that only few methodological
standards exist. However, in a recent review, Smith (2011) plausibly defines
an extreme event as “an episode or occurrence in which a statistically rare or
unusual climatic period alters ecosystem structure and/or function well
outside the bounds of what is considered typical or normal variability”. The
important feature of this definition is the combined effect of a climatically
extreme occurrence and an ecologically extreme impact. The majority of
experimental studies carried out so far have not considered extreme events as
defined by Smith (2011), and neither have I. However, in my opinion, the
outcome of an experiment not only depends on the extremity of an event, but
is also contingent upon other factors such as timing. Furthermore, the method
of measuring response factors substantially contributes to obtaining reliable
and comparable results. In order to examine the effects of extreme events on
biomass, for example, results vary considerably depending on the point in
time when plants are harvested after an extreme event (see discussion in
chapter 2). These subtle differences in the various experimental approaches
illustrate the many different ways of investigating the ecological effects of
extreme events. Therefore, in order to facilitate comparisons between different
processes driven by extreme events further methodological standardization in
experimental setups still needs to be developed (Smith 2011, Beier et al. 2012).
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Outlook
The existence of outcomes resulting from a combination of climate change
and invasion would seem to be obvious (this study, Walther et al. (2009), Diez
et al. (2012), Dukes and Mooney (1999)), although experimental research is
still sparse. One of the most recent studies reports how soils previously
exposed to extreme events altered the invasion process by non-native species
(Meisner et al. 2013). The importance of these legacy effects resulting from
extreme events was also emphasized in chapter 2, adding weight on the study
by Meisner et al. (2013), whose ground-braking findings opened a new
avenue of research within the field in climate change induced invasion
research. Further investigations on changing processes within the soil caused
by extreme events and their legacy effects therefore promise to shed much
light on currently little-known processes underlying climate-induced
invasion.
Furthermore, my study also highlights the need for a greater emphasis on
evaluating the invasibility of managed grassland communities subjected to
climate change. My results and corroborating evidence from other studies
(Pauchard et al. 2009, Bartholomeus et al. 2011, Moradi et al. 2012) indicate
that communities of great conservation value harbouring many specialized
species are particularly vulnerable to climate change induced invasion. As
already emphasized before however, the greatest threat caused by climate
change in terms of species loss and biotic homogenisation may result from the
encroachment of native generalist species rather than non-natives. It is
imperative therefore that future studies investigating the invasibility of
endangered communities subjected to climate change always incorporate
both native and non-native invaders (see also van Kleunen et al. 2010).
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