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Chapter 1

General introduction



Chapter 1

The worldwide exchange of species is considered as one of the greatest threats to
global biodiversity (Sala et al. 2000). The number of species translocated by humans,
either deliberately or by accident, has dramatically increased (Simberloff et al. 2005) as
a result of the rapid expansion in international travel and trade (Elton 1958, Brandl et
al. 2001). Thus, biological invasions may exceed natural dispersal processes in terms of
dimension, speed, range and consequences on ecological, economic and social levels
(Kowarik 2003). Biological invasions are defined as the overcoming of biogeographical
barriers of species caused by humans and the subsequent spread beyond their native
distribution area. In general the invasion process in the new range consists of three
stages: introduction, naturalization and invasion per se (Lodge 1993, Richardson et al.
2000b). In this thesis, the term “invasive” is used to describe species that are not native
to an ecosystem (i.e. nonindigenous), that reproduce consistently and sustain
populations over many life cycles without direct intervention by humans. Depending
on the region and environmental conditions, an invasive species can change an
ecosystem and thereby alter its function (e.g. Gordon 1998), biodiversity (Richardson et
al. 1996) and the regional gene pool (e.g. Ellstrand & Schierenbeck 2000, Vila et al.
2000). In addition, biological invasions may result in high economic costs. The cost of
control of invasive species and the loss of native species in the United States amounts
to $ 137 billion annually (Pimentel et al. 2000). In Germany the management of just 20
problematic species costs approximately € 167 million per year (BMU 2003).

The effects of invasive species on global biodiversity were specifically addressed
in the Convention of Biodiversity, an international treaty, adopted in Rio de Janeiro,
Brazil in 1992 (CBD2007). Governments from around the world have committed to
prevent the introduction of invasive species and to control or eradicate them, if they
threaten ecosystems, habitats or native species (BMU 1992, CBD2007). Consequently, a
goal of prospective invasion biology should be to investigate mechanisms responsible
for biological invasions with particular emphasis on how humans facilitate the invasive
processes. Additionally, another aim should be the mitigation of the effects of already

established species by prevention, eradication and control.



General introduction

Mechanisms: Phenotypic plasticity and local adaptation

A central question in invasion biology has been identifying the traits, that predispose a
species to be invasive or not (Richardson & Pysek 2006). The features which should
characterize some plant species as “ideal weeds” (Baker 1974) have been also applied
to the “ideal invader.” Successful invaders should have a wide ecological niche, a short
life cycle, high growth rates and great longevity. Furthermore, they are self-compatible
and able to reproduce vegetatively and sexually with high output of propagules or
seeds that are easily dispersed. However, research has determined that there really is
no consistency of life history and reproduction across all weeds or introduced plants
(Williamson 1993, Williamson & Fitter 1996). A comparative review by Pysek and
Richardson (2007) revealed that height, vegetative growth, early and extended
flowering and attractiveness to humans are those traits that are associated with
invasiveness. Although these traits are obviously advantageous to an introduced
species, their presence does not automatically imply the species will be a successful
invader. It has rather been shown that the invasion process is stage- and habitat-
specific (PySek & Richardson 2007). The tens rule (Williamson & Fitter 1996) predicts
that 10% of all introduced species will escape to become casuals (i.e. species that
reproduce but fail to sustain over a longer period) and that about 10% of the casuals
become naturalized (i.e. successful reproduction and maintenance of population over a
longer period). Only about 10% of the naturalized species will be able to become a
problematic species (sensu Pysek et al. 2004a). Even if we accept the more probable
estimation of 5-20% of naturalized species (PySek et al. 2004a) that will become a pest,
then mechanisms other than traits must be responsible for the success of invasive
species. In this context, it is often assumed that invasive species usually grow more
vigorously and perform better than their conspecifics in the native range (Crawley
1986, Blossey & Notzold 1995). Increased growth and fecundity, together with
decreased levels of herbivory in the invaded range have been shown for e.g. Solidago
gigantea (Jakobs et al. 2004) and Senecio inaequidens (Prati & Bossdorf 2004). However it

is difficult to imagine that nonindigenous plants will perform better in an environment



Chapter 1

in which they have not evolved. How can this paradox been explained (Allendorf &
Lundquist 2003)?

Plants have two options to achieve a higher fitness to successfully invade a new
area: Either by phenotypic plasticity or by undergoing genetic differentiation resulting
in local adaptation. Being able to alter the physiology or the morphology in response to
environmental changes, i.e. to be phenotypically plastic (Schlichting 1986), should be
advantageous for the invasion success of alien plants (Barrett 1992) which has been
revealed in several species (e.g. Parker et al. 2003, Dybdahl & Kane 2005).

On the other hand, the time lag between the introduction and an extensive
spread of plant species (Kowarik 1995, Mack et al. 2000, Mooney & Cleland 2001) which
can last up to 200 years (Kowarik 1995) has lead to the suggestion that invasiveness
evolves after colonization due to altered selection pressure (Blossey & Notzold 1995,
Ellstrand & Schierenbeck 2000, Lee 2002, Miiller-Scharer & Steinger 2004). These
changes may produce locally adapted populations that would have a higher fitness in
their local habitat than genotypes originating from other habitats. Thus, the ability for
rapid evolution in invasive plant species is likely to facilitate their spread and
establishment in new habitats and results in an expansion of area (Rice & Mack 1991a).
Probably, evolutionary processes are crucial to whether an invasion will occur or not
(Sakai et al. 2001). In this context, biological invasions represent matural experiments'
that allow the study of rapid evolution in action.

Investigations on local adaptation in plant populations require a comparison of
different genotypes under the same environmental conditions. This can be realized by
common garden experiments that provide the opportunity to estimate whether
phenotypic differences between populations result from environmental variation or
whether they are caused by genetic differentiation (Sakai et al. 2001, Kawecki & Ebert
2004). Ideally, genotypes should be reciprocally transplanted between the habitats
from where the genotypes were collected (Kawecki & Ebert 2004).

One prerequisite for evolutionary adjustments is that the species or the
population is genetically diverse (Caroll & Dingle 1996). The negative consequences

associated with the loss of genetic variability are well documented in rare species
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General introduction

(Matthies 2000, Fischer et al. 2000, Luijten et al. 2000, Durka 2000). Populations with
only a few individuals may be affected by the loss of genetic diversity (e.g. founder
effects), inbreeding depression and reduced evolutionary potential (Miiller-Scharer et
al. 2004). Hence, one would expect for invasive species that the establishment and
adaptive evolution in a new area is impeded by genetic bottlenecks (Sakai et al. 2001).
However, multiple introduction of a species from different geographic locations may
counteract this genetic bottleneck (Miiller-Schérer & Steinger 2004, Bossdorf et al. 2005).
In addition, hybridisation, either interspecific or between previously isolated
populations of the same species, can be an important stimulus for evolution of
invasiveness (Ellstrand & Schierenbeck 2000). The study of genetic variation in
invasive species is therefore important for their management (Barrett 1992).

Climate is a primary influence on plant fitness and, thus an important ecological
filter limiting the distribution of plants. This was demonstrated, for example, by the
clinal variations that occur with latitude in the invasive plant species Solidago altissima
und S. gigantea in Europe (Weber 1997, Weber & Schmid 1998). However, next to
abiotic filters (e.g. climate, nutrient availability, disturbance), adaptation to biotic
conditions (e.g. competition, herbivory, pathogens) are also crucial for a species to
expand into new geographic locations. For instance, the absence of herbivores and
pathogens may also lead to evolutionary adaptation that may be expressed as
increased competitive ability (EICA hypothesis; Blossey & Notzold 1995, Joshi &
Vrieling 2005). Moreover, invasive species may have impact on interactions between
species within or between trophic levels in the new range (e.g. Richardson et al. 2000a).
So, the invasive species may alter the succession process in new, unoccupied or
disturbed habitats (Smale 1990) or influence existing plant pollinator-interactions
(Chittka & Schurkens 2001). So far, little is known about the evolutionary consequences
of plant invasion and consequences to the native plant community. This thesis
addresses the evolutionary processes associated with invasiveness using the invasive

shrub Buddleja davidii as the model system.
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The study system: Buddleja davidii Franch.

Buddleja is a cosmopolitan genus of the family Scrophulariaceae (Angiosperm
Phylogeny Group II 2003) consisting of about 100 species in the tropical and temperate
zones (Leeuwenberg 1979). Within the distribution centre of Asia, more than 90% of
the Buddleja species are distributed in the Sino-Himalayan region (Leeuwenberg 1979).
One of these species is Buddleja davidii, commonly called butterfly bush. It is
native to at least nine provinces in China (Lauener 1996) at altitudes between 800 m
and 3000 m (Wu & Raven 1996). This multi-stemmed shrub reaches a height of 2 -5 m
(Lauener 1996). The deciduous or semi-evergreen plant (Owen & Whiteway 1980) is
relatively short-lived up to an age of 30 years (Bellingham et al. 2005).
Buddleja davidii usually begins flowering and fruiting one year after germination,
although some individuals may flower within the first year (Kreh 1952). Many fragrant
flowers appear at the terminal end of
branches arranged in panicles that are up to
30 cm long (Figure 1). The hermaphroditic
flowers produce nectar attracting mostly

butterflies, but also bees and other insects

are frequent. The shrub has a large annual

Y, seed production of up to several million
J \/

"’, e sees per plant (Kreh 1952, Campbell 1984).
"' ”)’ The fruit is a two-valved capsule that may
{7 § : release between 28 and 75 seeds (Kreh 1952,
“ Brown 1990) that are 3 mm long with linear

8

\ wings at both ends (Wu & Raven 1996)

. , o facilitating the dispersal by wind or even
Figure 1.  Buddleja davidii Franch.

(from: Rothmaler 2002). water (Campbell 1984).
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Buddleja davidii was one of several plant species that was introduced from Asia to
Europe in the 1890s for ornamental reasons. It is now one of the most popular woody
species in gardens (Kay 2002), with more than 90 cultivars differing in growth form,
flower colour and length of inflorescences as well as leaf shape and colour (Kriissmann
1976, Stuart 2006). Buddleja davidii can tolerate a wide range of soil conditions (Kreh
1952, Humphries & Guarino 1987, Webb et al. 1988). Although originally intended for
cultivation, the species naturalized outside of gardens in the bombed, devasted areas of
many cities (Kreh 1952, Kunick 1970, Owen & Whiteway 1980, Pfitzner 1983, Schmitz
1991). It rapidly colonizes bare, disturbed soils (Smale 1990) found on railroad
embankments, quarries, roadsides and riparian areas (Randall & Marinelli 1996) and
has also been found growing on walls and rock faces (Segal 1969).

Buddleja davidii has naturalized within sub-oceanic climates in the temperate and
sub-mediterranean zones in most European countries as well as in Africa, New
Zealand, Australia and in North America (Tutin 1972, Leeuwenberg 1979, Webb et al.
1988, Reichard & Hamilton 1997, Csurshes & Edwards 1998). It is listed on several
countries” plant watch list because B. davidii may form dense stands that may displace
native plant species. Due to the plants” popularity and its tolerance of a broad range of
environmental conditions, high seed production and fast development to maturity,
B. davidii has the potential to become a serious problem species in Europe as it has been

reported in New Zealand (Kay & Smale 1990).

Aim and structure of this thesis

Biological invasion can be considered as unintended experiments, providing the
opportunity to investigate biogeographic, ecological and evolutionary mechanisms
(Vermeij 1991, Lodge 1993, Sakai et al. 2001). There have been several studies that have
explored the patterns of plant invasions, invasibility of communities, differences
between phylogenetic groups and strategies of invasive plants and their control (Drake
et al. 1989, Vitousek 1990, Pysek 1995, Auge & Brandl 1997, Pysek 1998, Alpert et al.
2000, Willis & Hulme 2002, Woitke & Dietz 2002). However, only a few studies have
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Chapter 1

attributed local adaptations as a reason for the success of plant invasions (e.g.
Thompson 1998, Galloway & Fenster 2000, Parker et al. 2003). The aim of this thesis is
to improve the understanding of how local adaptations contribute to the success of
plant invasions using Buddleja davidii as the model system. The results of this research
will contribute to the understanding of risks associated with the naturalization of
B. davidii and development of best management strategies. This thesis specifically
addresses different aspects of the potential rapid evolution in Buddleja davidii. First, it
has to be determined whether plants differ in their performance between their native
and invasive range. Chapter 2 describes how the growth, reproduction and impact of
herbivory differ among native and invasive populations of B. davidii in the field. This
step is a prerequisite for testing different hypotheses (e.g. Enemy Release Hypothesis
or Evolution of Increased Competitive Ability hypothesis) concerning the success of
invasive plant species.

Chapters 3 and 4 test genetic differentiation between invasive B. davidii
populations in the new range. Specifically, the adaptation of populations to climatic
conditions is addressed in Chapter 3. For this purpose, common garden experiments
were carried out and replicated in three central European regions, ranging from an
oceanic to a sub-continental climate. The replication of common garden studies
represents an approach that has been rarely realised. It allows both, investigations of
genetic variation and local adaptation. For the latter, the integration of a reciprocal
transplant experiment on populations originated from the three regions hosting the
common gardens allowed to test for local adaptation. Genetic variation in response to
different environments was investigated using various growth and fitness-related
plant traits. Additionally, clipping treatments were used to simulate disturbance
(Smale 1990) and frost damage to determine if there are differences among populations
in re-sprouting ability and tolerance to damage.

Chapter 4 further explores the local adaptation to frost in invasive B. davidii
populations, specifically the physiological sensitivity to frost and response to frost
damage. This study is based on the assumption that the geographic distribution of

invasive B. davidii populations in Europe is restricted to the oceanic or sub-oceanic
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climate due to sensitivity to frost. This research combines an eco-physiological
approach and an ecological niche model to investigate whether evolutionary
adjustments may exacerbate the prediction of spatial distribution of B. davidii and
whether frost is actually limiting its further spread.

Buddleja davidii is an ecological specialist, able to colonise new coarse-textured,
nitrogen-deficient surfaces (Humphries et al. 1982). In Europe railway embankments
are typical habitats where large numbers of B. davidii have naturalized. There, plants
have to be removed for safety reasons, mostly using the herbicide glyphosate. While
the application of herbicides may exert a strong selection pressure on populations
coincidentally, this may lead to evolution of herbicide resistance, which in turn, may
hamper the management of weeds and invasive plants (Culliney 2005). Chapter 5
investigates the susceptibility to the herbicide in populations of three different habitat
types, that either has been treated with glyphosate or not. The potential for evolution
of herbicide resistance will have far-reaching consequences for the successful and
efficient management of invasive Buddleja davidii populations.

Overall, this thesis examines the genetic differences between invasive
populations of Buddleja davidii in Europe with respect to different environmental

influences and their importance for the invasion success of this species.
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Chapter 2

The invasive shrub Buddleja davidii performs
better in its introduced range

with Isabell Hensen & Harald Auge
Diversity & Distributions (2008), 14 (2): 225-233.

Abstract

It is commonly assumed that invasive plants grow more vigorously in their introduced
than in their native range, which is then attributed to release from natural enemies or
to microevolutionary changes, or both. However, few studies have tested this
assumption by comparing the performance of invasive species in their native versus
introduced ranges. Here, we studied abundance, growth, reproduction and herbivory
in ten native Chinese and ten invasive German populations of the invasive shrub
Buddleja davidii (Scrophulariaceae; Butterfly Bush). We found strong evidence for
increased plant vigour in the introduced range: plants in invasive populations were
significantly taller, had thicker stems, larger inflorescences and heavier seeds than
plants in native populations. These differences in plant performance could not be
explained by a more benign climate in the introduced range. Since leaf herbivory was
substantially reduced in invasive populations, our data rather suggest that escape from
natural enemies, associated with increased plant growth and reproduction, contributes

to the invasion success of B. davidii in Central Europe.
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Introduction

Biological invasions are one of the major threats to global biodiversity (see Vitousek et
al. 1997, Sala et al. 2000) and may result in high economic costs (Pimentel et al. 2000).
Much research has been carried out in search of the general mechanisms that allow
non-indigenous plants to become invasive (Richardson et al. 2000b, Levine et al. 2003,
Bossdorf et al. 2005). A common assumption in many of these studies is that invasive
species perform better in their introduced ranges than in their native ranges (Crawley
1986, Blossey & Notzold 1995). Based on this assumption, two major hypotheses for the
success of invasive plants have been proposed: the Enemy Release Hypothesis (ERH)
posits that a lack of natural enemies in the new area results in an increase of abundance
of the invader (Keane & Crawley 2002). The Evolution of Increased Competitive
Ability Hypothesis (EICA) states that this lack of natural enemies should lead to a
selection for increased competitive ability at the expense of defence mechanisms
(Blossey & Notzold 1995). While many studies have tested the predictions of these two
hypotheses, very few have investigated the underlying assumption of different
performance in the field (Bossdorf et al. 2005). Although demographic comparisons on
a biogeographic scale cannot distinguish between phenotypic plasticity and genetic
differentiation, they are crucial to understanding plant invasions in general (Hierro et
al. 2005).

Previous comparative studies on invasive plants were mostly conducted with
herbaceous species (but see e.g. Siemann & Rogers 2001, Buckley et al. 2003, Dewalt et
al. 2004). Although the study of woody plants provides useful insights on central issues
of invasion ecology for a variety of reasons (Richardson et al. 2004), manipulative
experiments with long-lived woody species are difficult and inevitably restricted to
short periods of their whole life-cycle (Harper 1977). Moreover, quantitative-genetic
investigations require pre-cultivation of plants to control for maternal effects (Roach &
Wulff 1987) and to carry out controlled crosses (Falconer & MacKay 1996), and are
therefore rather elaborate. Nevertheless, the study of biological invasions should not

neglect woody plants because results obtained from herbs cannot be generalized.
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Performance of invasive and native populations

Hence, more case studies are needed, and even field comparisons focussed on one
particular life stage of woody species may substantially contribute to our general
understanding of plant invasions (e.g. Buckley et al. 2003, Prati & Bossdorf 2004).

The Butterfly Bush (Buddleja davidii Franch.) is a shrub native to China and was
introduced to Europe and other continents for ornamental reasons around 1900
(Kunick 1970). It has become naturalized or invasive (sensu Richardson et al. 2000) in
several regions of the world and may also have impact on native ecosystems. In New
Zealand for instance, the species invades riversides and forest plantations, where it
out-competes native vegetation (Smale 1990), and causes significant economic
problems (Kay & Smale 1990). In some European countries and some regions of the
United States, B. davidii is now recognized as a potential pest plant and can be found on
plant watch lists (O'Neill, K. 1998 cit. in Starr et a1.2003, SKEW2008). However, we still
have poor knowledge of the species' potential to spread successfully and to become a
problematic weed on a larger scale. As a first step to exploring the ecological and
evolutionary processes underlying the successful spread of B. davidii in Europe, we
compared plant abundance, growth and reproduction, as well as leaf herbivory
between ten native populations of B. davidii in China and ten invasive populations in
Germany. In particular, we hypothesized that in the invasive range (1) population size
and density of B. davidii would be larger, (2) plant individuals would be more vigorous
in terms of growth and reproduction, and (3) plants would suffer less from herbivory

than in the native range.

Methods

Study species

Buddleja davidii (Scrophulariaceae), is a multi-stemmed, 0.5 m to 5 m tall shrub (Wu &
Raven 1996) with either deciduous (Tutin 1972) or evergreen leaves (Kunick 1970) and
with a life span of approximately 40 years. It usually starts flowering and fruiting in
the second year after germination, but sometimes even within the first year (Esler

1988a). The terminal inflorescences appear at current-year stems or branches, and are
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thyrsoid panicles of 4 to 30 cm in length (Leeuwenberg 1979, Wu & Raven 1996). A
medium-sized individual may produce 300 to 350 inflorescences, each of them bearing
from fewer than 100 to more than 1700 capsules (Kreh 1952, Brown 1990). The average
number of seeds per capsule is reported to range from 28 seeds (Brown 1990) to 75
seeds (Kreh 1952). Thus, B. davidii can have an enormous seed production of up to
several millions of seeds per plant (Kreh 1952, Campbell 1984). The small seeds are
long-winged at both ends and are dispersed by wind or water (Campbell 1984).

The species is native to central and south-western China where it grows on
mountain slopes at altitudes between 800 m and 3000 m (Wu & Raven 1996). Since its
introduction to Europe in the 1890s, B. davidii has been cultivated as an ornamental
garden plant with colourful and fragrant flowers which mainly attract butterflies
(http://www hear.org/starr/hiplants/reports/html/buddleia_davidii.htm). It escaped
from gardens and has become naturalized or invasive (sensu Richardson et al. 2000b) in
Europe, North America, Africa, Australia and New Zealand (Tutin 1972, Leeuwenberg
1979, Webb et al. 1988, Csurshes & Edwards 1998). In both its native and invaded
range, B. davidii prefers naturally or anthropogenically disturbed sites along roads,
river banks and railways (Kunick 1970, Randall & Marinelli 1996). It also survives in
walls and on rock faces and can tolerate a wide range of soil conditions (Kreh 1952,
Webb et al. 1988). Thus, the first spread in Europe appeared in bombed, devastated
areas of many cities after World War II (Kreh 1952). Buddleja davidii populations in
Europe are restricted to oceanic and sub-oceanic climates in the temperate and sub-
mediterranean zones. The eastern range margin currently crosses Germany
(http://www .floraweb.de/neoflora/handbuch/buddlejadavidii.html). It has been
suggested that its further spread is limited by a lack of frost tolerance (Kunick 1970,
Krivanek et al. 2006). Because of the broad environmental tolerance, high seed
production, fast development to maturity, as well as the vigorous re-sprouting after
damage, B. davidii has the potential to become a serious problem species, even in areas

where it is not yet recognized as an environmental weed.
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Field data

We collected field data from ten populations in China and ten populations in Europe

between December 2005 and February 2006 (Figure 1). For our study, we defined a

population as a group of B. davidii individuals in a given habitat with a distance of at

least 500 m to another group of B. davidii individuals. In each of the two ranges, the

populations were chosen randomly concerning habitat, population size and population

age. However, we tried to avoid a spatial clumping of populations in order to ensure a

representative sampling across each range.

Figure 1.
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Unfortunately, comprehensive range maps of B. davidii are not available yet for the
native and introduced ranges (E. Welk, pers. comm.). In China, the occurrences of
B. davidii are well documented only in the province Yunnan, where it grows in the
Zhaotong district in the north-eastern part of the province (W. Sun, pers. comm.). We
therefore performed our sampling in this particular region but likely did cover the
whole native range. In Europe, we sampled populations across Germany, from the
western border of the country to the current range margin of B. davidii in eastern
Germany. This sampling scheme did not include more western parts of the introduced
range in Europe, but was representative for Central European populations and covered
quite different climatic zones ranging from oceanic to sub-continental climates.
Furthermore, our sampling in the native and introduced range comprised areas of
similar size, with distances among populations being only slightly smaller in China (12

km to 243 km) than in Germany (17 km to 465 km) (Tablel).

Table 1. List of sampled populations of Buddleja davidii in its native (China/ Asia) and
invaded (Germany/ Europe) range.

coordinates
Population latitude longitide Altitude a.s.l. [m]
Europe
G1 51.4827N 6.7855E 31
G2 51.4652N 7.0266E 116
G3 51.4811N 11.9708E 87
G4 48.9957N 8.4155E 118
G5 50.9316N 6.9647E 38
G6 51.2972N 12.3286E 113
G7 50.0402N 8.9680E 110
G8 48.8630N 8.3711E 112
G9 47.6336N 9.5847E 472
G10 48.4841N 8.9997E 338
Asia
C1 26.4866N 103.6226E 2230
c2 27.6664N 103.8567E 1200
C3 28.6097N 104.2368E 580
C4 28.4274N 103.9647E 1370
C5 28.1427N 103.9349E 1050
C6 27.6920N 104.1435E 1370
Cc7 27.7711N 104.2884E 1840
C8 27.4673N 103.8268E 2215
9 27.4350N 103.7266E 2070
C10 27.2396N 103.6735E 1940
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Performance of invasive and native populations

To compare the climatic conditions of the two regions, we obtained the following
climatic variables for each study site from http://www.worldclim.org (Hijmans et al.
2005): annual mean temperature, mean maximum temperature of the warmest month,
mean minimum temperature of the coldest month, and mean annual precipitation. We
estimated the length of the growing season, defined as the number of days with a mean
temperature above 5°C, by fitting generalized additive models to mean monthly
temperature values of six weather stations near the sampled populations in Germany
(http://www.dwd.de). For the Chinese populations, data of only one station, Zhaotong,
was available (www.ncdc.noaa.gov). This station (27.32 E, 103.72 E, 1950 m a.s.l.) is
located at a relatively high elevation, but within the altitudinal range of the sampled
populations.

In small populations, we determined population size by counting all individuals.
In large populations, we counted all plant individuals in a randomly chosen
10 m x 10 m plot and estimated population size by multiplying this number by the total
area of the population. Population density was calculated by dividing the size of each
population by the area covered by it. In each population, ten individuals were
randomly chosen for further measurements. On each, we counted the number of stems,
measured the basal diameter of the thickest stem and the length of five randomly
selected stems. Furthermore, we determined the length of 20 randomly chosen
inflorescences per individual. Because of the positive correlations between length of
inflorescences and number of capsules (Brown 1990), and between number of stems
and number of inflorescences (r2=0.21, n = 283, p < 0.01; S. Ebeling, unpublished data),
we considered number of stems and length of inflorescences as surrogates of
reproductive success.

From each sampled plant we collected one mature inflorescence and determined
mean seed mass by weighing a bulk sample of either 500 or 1,000 seeds. Seeds were
stored in paper bags at room temperature. Since the plants still had green leaves, we
were able to quantify leaf herbivory by visually estimating the percent area destroyed

of 20 randomly chosen leaves of each plant.
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Germination rate

In June 2006, three samples of 30 seeds from each of five individuals per population (in
total 90 seeds per plant and 450 seeds per population, with the exception of two
Chinese populations, that had only two and three fruiting individuals) were placed on
moist filter paper in Petri dishes. Previous germination trials revealed that no
stratification is necessary for B. davidii and that seeds germinate at a high percentage
with 12/ 12h light / dark cycle at 10 / 20°C (data not shown). Therefore, we placed the
Petri dishes in a climate chamber with these same conditions. Petri dishes were
checked every second day, and moistened regularly using distilled water. After 36
days, when there was no new germination for ten days, we determined the proportion

of germinated seeds.

Data Analyses

We carried out analysis of variance (ANOVA) to test for differences in population size
and density between the ranges using the statistical software SAS (procedure GLM,
SAS Institute 9.1). For the other traits we used a nested ANOVA to test for differences
between the ranges and among the populations nested within range. For the analyses
of leaf herbivory, length of inflorescences and length of stems, we averaged the data for
each individual.

Populations within ranges and individuals within populations (for the analysis of
germination rate) were considered as random factors. Accordingly, range effects were
tested against population effects, and in the case of germination rate, population effects
were tested against individuals within populations. Since the data were unbalanced,
we used type III sum of squares (Shaw & Mitchell-Olds 1993). Stem diameter, number
of stems, and length of stems were log-transformed, length of inflorescences was
square-root transformed, and percentage of herbivory and percentage of germinated
seeds were arcsine-transformed to normalize their distribution prior to analysis. We
did not apply sequential Bonferroni tests to account for multiple comparisons because

we intended to investigate differences between native and invasive populations in
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more detail without inflating the likelihood of type II errors (Cabin & Mitchell 2000).
Instead, we calculated the probability to find a significant result by chance and
compared this with the observed frequency of significant results among the six plant
traits related to growth and reproduction (Moran 2003).

To investigate whether observed differences in plant vigour are caused by
climatic differences between the two ranges, we compared the six plant traits after
correcting for climatic variables with ANCOVA (procedure GLM, type I sum of
squares). Since we considered mean annual temperature as redundant to mean
minimum and maximum temperatures (as reflected also by their strong correlation
within both ranges), we only included mean minimum temperature, mean maximum

temperature, and precipitation as covariates in the model.

Results

We found large variation among B. davidii populations within each range concerning
size and density: population size varied from 12 to 15,000 individuals in the native
range in China, and from 9 to 860 individuals in the invasive range in Germany (Table
2). Population density ranged from 150 to 4,200 ha! in China, and from 38 to 12,700 ha'!
in Germany (Table 2). The differences between the ranges were not statistically
significant (Table 2). There was highly significant variation among populations within
ranges for all measured traits. We found strong evidence for increased plant growth
and reproduction in invasive populations in two of three traits related to plant growth
(Table 2): length of stems was 79% larger (Figure 2a), and mean diameter of thickest
stem was 73% larger than in native populations. European plants had on average twice

as many stems as Chinese plants. This difference was marginally significant (p = 0.055).
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Table 2. Mean values of population traits and traits of growth and reproduction reflecting
vigour and leaf herbivory of plants in native (China) and invasive populations (Germany) of
Buddleja davidii and summary of ANOVAs on these traits between and among the populations
(* p<0.05,* p<0.01, ** p <0.001).

Mean + s.e. Continent Population within
China Germany d.f. F ratio d.f. F ratio
Population
Population size 1593 + 1490 86 +35 1,18 1.02

Population density [ha'] 3037 £1028 2011+ 1211 1,18 0.42

Plant vigour

Growth traits

Number of stems 3.8t04 6.3+£04 1,18 4.20 18,175  3.44***
Stem diameter [mm] 151+0.9 26.1+3.6 1,18 5.93* 18,175  4.90 ***
Stem length [cm] 97.5£3.6 174.7 £ 3.6 1,18 13.21 ** 18,175  6.96 ***

Reproductive traits

Inflorescence length [cm] 10.3+0.1 12.7+0.2 1,18 12.58 ** 18,168 2.26**

Seed mass [ng] 29117 364+1.2 1,18 8.53 ** 18,135  3.53 ***
Seed germination [%] 32+6.0 42+8.0 1,18 0.84 18,75  3.22%**
Leaf herbivory [%] 14.6 +0.7 0.5+0.7 1,18 16.95** 18,175 20.25***

Furthermore, inflorescences were 23% longer in European populations (Table 2)
compared to Chinese populations. Since the number of stems predicts the number of
inflorescences (S. Ebeling, unpubl. data), and inflorescence length predicts the number
of seed capsules (Brown 1990), our data indicate increased seed production in invasive
populations. In addition, seed mass differed significantly between ranges: seeds in
Europe were 25% heavier than in Asia (Table 2, Figure 2b), but did not germinate
significantly better (Table 2). Leaf herbivory was more pronounced in B. davidii
populations in the native range. Here, about 15% of leaf area was removed, as opposed
to plants in the invasive range that showed almost no signs of herbivory (Table 2,

Figure 2c).

26



Performance of invasive and native populations

For testing our hypothesis of increased plant vigour, we investigated six traits related
to plant growth and reproduction. In a table with six statistical tests of the same
hypothesis, the probability to find a significant effect by chance alone is 1-0.95°=0.265
(Moran 2003). Since we found significant differences between native and invasive
populations in four out of six traits (Table 2), we are confident that the observed
differences are not a product of chance.

Altitude of sampled populations differed remarkably between the two ranges
(Table 1). Although populations in China were located at higher altitudes, they still
experienced a much longer growing season (314 days at 1950m a.s.l.) than
populations in Germany (242 -283 days). Probably due to the greater altitudinal
variation among Chinese populations, the variances in two out of four climatic
variables were larger in China than in Germany, indicating a steeper environmental
gradient in the native range (annual mean temperature: Foo = 6.13, p < 0.05; mean
maximum temperature: Foo = 7.92, p < 0.01, mean minimum temperature: Foo = 2.58,
p = 0.17; precipitation: Foo=3.45, p = 0.08).

Despite much overlap between the two ranges, annual mean temperatures (U-
test, p<0.001), mean maximum temperatures (p<0.05), and mean annual
precipitation (p <0.05) were higher in the Chinese populations compared to the
German ones, while mean minimum temperatures were similar (p=0.14). When
adjusted for the variation in climatic variables using an ANCOVA, the differences in
plant traits among native and invasive populations remained nearly unaffected
compared to the unadjusted analyses (number of stems: Fi15=3.71, p = 0.07; stem
length: Fi15 = 22.94, p < 0.001; stem diameter: F1,15=7.24, p <0.05; inflorescence length:
F115 =13.85, p < 0.01; germination rate: F1,15 = 0.02, p = 0.89), except for seed mass (F1,15=
3.14, p = 0.10). For illustrative reasons, we show the relationship between stem length
and mean maximum temperature in Figure 3: while stem length increases significantly
with temperature in China, no such relationship is evident in Germany. Across the
range of overlapping temperatures, however, native populations posses much shorter

stems than the invasive populations.
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Figure 3.  Relationship between mean maximum temperatures of the warmest month, and
mean stem length among B. davidii populations in the native range (China, black symbols) and
the invasive range (Germany, grey symbols). The slope is only significant in the native range
(b=0.0422, t=3.02, p<0.05, 8 d.f.) but not in the invasive range (b =-0.0075, t=-0.14, p=0.89,
8 d.f.). After correcting for mean maximum temperature, stem length of German populations is
still larger than stem length of Chinese populations (ANCOVA: F1,16 = 28.09, p < 0.0001).

Discussion

Our comparative field study on the performance of B. davidii provides evidence that in
the invaded range, individuals are bigger, have higher fecundity and seed mass, and
suffer much less from herbivory than in the native range. Increased growth and
fecundity, together with decreased levels of herbivory in the invaded range were also
shown for the perennials Solidago gigantea (Jakobs et al. 2004) and Senecio inaequidens
(Prati & Bossdorf 2004). Our data are also in line with Buckley et al. (2003), who

reported heavier seeds of Cytisus scoparius in the invaded range.
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A straightforward explanation for the larger plant size and fecundity in our invasive
B. davidii populations would be that these individuals are simply older compared to
the native populations sampled. Unfortunately, we do not have 'hard' data on
population age, in particular on the age of native populations in China. Yet invasion
history and the type of invaded habitats give some hints about the age of invasive
populations. The first spread of B. davidii in Central Europe occurred after World War
IT (Kreh 1952); hence, neither of our invasive populations is likely older than 60 years.
Furthermore, the invasive as well as the native B. davidii populations grew on
disturbed sites, suggesting a rather young population age in both ranges. Available
information on some of our invasive populations indicates that they are between 10
and 25 years old: Populations G1 and G2 were founded around 1980 (G. H. Loos,
personal communication), G4 before 1988 and G8 in the 1990s (T. Breuning, pers.
comm.), and G6 as well as G9 after 1990 (S. Ebeling, pers. obs.). These arguments
strongly suggest that our invasive populations were not older than the native ones, and
that the larger plant size and fecundity reflects increased vigour of B. davidii
populations in the invasive range. Nevertheless, the possibility that differences in size
or abundance may generally reflect different population ages highlight the need to
include dendro- or herb-chronological measurements in future comparative studies of
invasive plants (see Dietz et al. 1999, Pergl et al. 2006).

Another explanation for the observed increased vigour of invasive B. davidii
populations would be a plastic response to a more 'benign' abiotic or biotic
environment (Crawley 1987, Willis & Blossey 1999). While in both ranges B. davidii
grows in disturbed habitats such as riverbanks and roadsides, it is still possible that
invasive populations may benefit from more favourable climatic conditions. For
instance, populations in the invasive range were located at much lower altitudes than
native populations which might result in better growing conditions. However,
differences between native and invasive populations remained significant, even after
we corrected for differences in climate (except of seed mass). On average, Chinese
populations experienced higher temperatures and precipitation as well as a longer

growing season than German populations. A plastic response to benign climatic

30



Performance of invasive and native populations

conditions is, therefore, unlikely to be responsible for the increased vigour of B. davidii
in its invasive range. Instead, our data suggest that low levels of herbivory may
contribute to the increased size and fecundity of invasive B. davidii populations.

As argued by the ERH, a competitive advantage may be caused by release from
natural enemies, such as pathogens (Reinhart et al. 2005) and specialized herbivores
(Maron & Vila 2001, Keane & Crawley 2002). In our study, we found evidence for
release from herbivory: while leaves in German populations remained nearly
untouched by herbivores, about 15% of leaf area was damaged in Chinese populations.
Decreased herbivore attack in the invasive range has also been revealed by several
other studies (Memmott et al. 2000, Wolfe 2002, Prati & Bossdorf 2004, Dewalt et al.
2004, Vila et al. 2005). It should be noted, however, that attack rate or biomass loss is
not equivalent to the populations' response to herbivory or to the release from it
(Keane & Crawley 2002). We suggest that one reason for decreased herbivory in
invasive B. davidii populations is the lack of related native plant species in Europe,
which makes a pre-adaptation of generalists (Keane & Crawley 2002) and a host range
extension or host switch of specialists unlikely (cf. Soldaat & Auge 1998, Frenzel &
Brandl 2003). Another reason might be that no herbivores from the native range are
present in Europe.

To our knowledge, the two native specialist insects, Cleopus japonicus and
Mecysolobus erro, that were tested for biological control of B. davidii in New Zealand
(Kay & Smale 1990, Brockerhoff et al. 1999), have not been introduced in Europe so far.

Besides phenotypic plasticity, genetic differentiation might be a second
mechanism underlying the increased vigour of invasive B. davidii populations, as result
of evolutionary changes toward increased plant growth (Bossdorf et al. 2005). There is
increasing evidence that the ability for evolutionary adjustments to novel
environments of exotic species encounter is a key feature of successful invasions (Sakai
et al. 2001). However, genetic differentiation may also be due to artificial selection,
since B. davidii was introduced to and cultivated in Europe and other continents as an
ornamental plant. Selection for desirable cultivars may lead to changes in traits related

to growth and reproduction thus enhancing the invasive potential (Kitajima et al. 2006).
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Hence, plant breeding has to be taken into account when assessing the evolutionary
ecology of plant invaders (Kitajima et al. 2006). Traits that might be related to invasion
success have been found by several authors in some of 70 existing cultivars of B. davidii
(Anisko & Im 2001, Wilson et al. 2004a, Wilson et al. 2004b). It is likely that cultivars
rather than native genotypes are the source of the B. davidii invasion, thus selection by
breeders may be one reason for the differences in plant traits among native and
invasive populations revealed in our study. Nevertheless, this does not preclude the
possibility that adaptive evolution by natural selection imposed by the novel
environment may play a role in this species. The reduced herbivory in the new range,
in particular the lack of specialist herbivores, may have led to the evolution of
increased plant size and fecundity in B. davidii as proposed by the EICA hypothesis
(Blossey & Notzold 1995, Miiller-Schérer et al. 2004, Joshi & Vrieling 2005).

An important prerequisite for this process would be a genetic trade-off between
fitness in the absence of herbivores, and defence, but studies published so far have
provided rather inconsistent evidence for this hypothesis (Bossdorf et al. 2005).

While the observed differences in plant size and reproduction among native and
invasive B. davidii populations are striking, they are not reflected in terms of
population size and density. Instead, we found enormous variation among populations
in both ranges. The results of other comparative studies are also rather inconsistent and
include cases where abundance was not increased compared with the native range
(Bossdorf et al. 2005). We suggest that the variable and often limited size of the habitats
available for B. davidii (i.e. naturally or anthropogenically disturbed sites) in the native
and the invaded range to be responsible for the large variation of abundance within
regions and the lack of a difference between them. Although we found a strongly
increased vigour of invasive B. davidii populations, paralleled by decreased herbivory,
our field comparison cannot reveal to what extent phenotypic plasticity or genetic
differentiation is responsible for the observed differences. Hence, there is a need for
common garden experiments to reveal the role of competition, herbivory, and adaptive

evolution for the successful invasion of B. davidii.
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Multiple common gardens suggest lack of local
adaptation in a successful plant invader

with Jiirg Stocklin, Isabell Hensen & Harald Auge

Abstract

Climatic conditions are widely recognized as important factors shaping distributional
ranges of plant species, and driving genetic differentiation between populations
resulting in local adaptation. Using the invasive shrub Buddleja davidii as study species,
we performed a multiple common garden experiment in three central European
regions, ranging from an oceanic to a sub-continental climate. Progeny from 20
invasive populations from central and west Europe were raised in each common
garden to investigate genetic differentiation among these populations in response to
the growing conditions of each garden. In addition, we incorporated a reciprocal
transplantation experiment to test for local adaptation, by including one population
from each of the three places harboring the common gardens. In contrast to our
expectation, the results of our common garden experiments do not provide evidence
for local adaptation of invasive B. davidii populations in Europe. All populations
responded remarkably similar to the different environments, and trait values were not
correlated to climatic conditions or the geographic coordinates of their home site. In
addition, we did not detect a home-site advantage for the populations reciprocally
transplanted between the common gardens, and did not detect differences in
compensatory ability to mechanical damage. Assuming that invasive populations
originate from cultivated individuals, we suggest that large-scale mixing of genotypes
due to horticultural trade across Europe, and continuous gene flow from planted
individuals, may have prevented local adaptation so far. Nevertheless, our data also
indicate that large phenotypic plasticity enables invasive B. davidii populations to grow
under various climatic and soil conditions, thus contributing to their geographic

spread.
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Introduction

Invasive species offer the opportunity to study evolutionary responses to a new
environment in a contemporary time frame (Weber & Schmid 1998). To successfully
invade a new area, non-native species have to cope with novel abiotic or biotic
environments they are usually not adapted to (Allendorf & Lundquist 2003). Moreover,
it has repeatedly shown that invasive species perform better in the new range
compared with their native range (Prati & Bossdorf 2004, Jakobs et al. 2004, Ebeling et
al. 2008b). The successful invasion of novel environments and the increased vigour in
the new range may be traced to two, not mutually exclusive mechanisms: adaptive
evolution and phenotypic plasticity (e.g. Bossdorf et al. 2005).

Local adaptation to different habitats is apparently a common feature of many
plant species (e.g. Linhart & Grant 1996, Joshi et al. 2001, Becker et al. 2006). Moreover,
adaptive evolution in response to novel environments is considered to play a major
role also in successful plant invasions (Sakai et al. 2001, Mooney & Cleland 2001).
Evolutionary adjustments may thus be an explanation why many species become
invasive only after a time lag (Kowarik 1995, Williamson & Fitter 1996). Introduced
species are usually released from competitors, parasites, herbivores or pathogens
(Elton 1958, Maron & Vila 2001, Keane & Crawley 2002) which may lead to adaptive
divergence between the native and the invasive range (Blossey & Notzold 1995).
Within the introduced range, geographic gradients in abiotic conditions can impose
divergent selection and promote genetic differentiation among introduced populations
(Maron et al. 2004). Climate is one of the main driving forces of natural selection in
plants (Clausen et al. 1940), and does often explain the distribution of plant species
(Woodward & Williams 1987). Clinal variation along climatic gradients in the new
range has been detected in several invasive plants, e.g. in Impatiens glandulifera
(Kollmann & Banuelos 2004), Solidago altissima and S. gigantea (Weber & Schmid 1998),
indicating that adaptive evolution in response to climate has contributed to the

geographic spread of these species.
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Besides local adaptation, phenotypic plasticity enables species to persist under a wide
range of environmental conditions, and is considered to be a key characteristic of
colonizing species (Frazer 1965, Baker 1974) Accordingly, phenotypic plasticity has
been found to contribute to the successful spread of several invasive plant species (e.g.
Novak et al. 1991, Sexton et al. 2002, Parker et al. 2003, Ross et al. 2008). Phenotypic
plasticity itself has a genetic basis and is therefore subject to natural selection
(Schlichting 1986). Based on this, it has been suggested that invasive plant populations
may have evolved increased phenotypic plasticity (Richards et al. 2006). Studies
comparing native and introduced populations of invasive plants found either no
difference between them, or indeed a greater plasticity in introduced populations
(Bossdorf et al. 2005, Cano et al. 2008).

Local adaptation as result of divergent selection is characterized by higher fitness
of resident genotypes compared to genotypes from other habitats ('local vs. foreign'
criterion, Kawecki & Ebert 2004). Ideally, this particular kind of genotype x
environment interaction should be investigated using reciprocal transplantation
experiments between the different habitats or regions. Such transplantation
experiments have rarely been conducted on invasive plant species, but see Maron et al.
(2004) and Williams et al. (2008) for reciprocal common gardens between continents, or
Rice & Mack (1991b) and Ross (2008) for transplantations within the invaded region.
Alternatively, local adaptation can also be inferred from correlative evidence, if genetic
differentiation detected in common garden experiments can be related to the
environmental conditions of the populations' home site (e.g. Anderson et al. 1996,
Weber & Schmid 1998, Kollmann & Banuelos 2004). The advantage of common garden
experiments is that a large number of populations or genotypes can be compared, at
the disadvantage that the 'local vs. foreign' effect cannot be rigorously tested (see
Kawecki & Ebert 2004). Previous studies investigating genetic differentiation among
populations of invasive species usually compared plants in only one environment (see
Bossdorf et al. 2005). However, using just one common garden may produce
misleading results because it ignores that genetic and environmental factors may

interactively affect plant phenotype (Williams et al. 2008). Although tests for local
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adaptation require the comparison of genotypes in several environments, studies on
invasive species using more than one common garden are still rare.

In this paper, we examine genetic differentiation and local adaptation between
invasive populations of the Butterfly Bush (Buddleja davidii), a shrub which is invasive
in Europe, Australia, New Zealand and parts of North America. The species is native to
China and was introduced to Europe and the other regions for ornamental reasons.
Invasive European B. davidii populations perform better than native populations
(Ebeling et al. 2008b), and occur predominantly in oceanic to sub-continental regions
from the northern temperate to the Mediterranean climate zone. We hypothesized that
the successful spread of B. davidii across different climatic zones in Europe has been
facilitated by local adaptation to climatic conditions. To test this hypothesis, we
compared offspring from 20 invasive populations sampled across western and central
Europe in a common garden experiment. We replicated the common gardens in three
central European regions, ranging from an oceanic to a sub-continental climate, and
incorporated a reciprocal transplantation experiment among the three populations that
originate from the places hosting the common gardens. This innovative experimental
design allowed us (1) to investigate genetic differentiation of a large number of
populations, (2) to explicitly consider genotype x environment interactions among all
populations, and (3) to test the 'local vs. foreign' effect among the reciprocally
transplanted populations. Moreover, we included a stem clipping treatment to
compare compensatory ability of populations, because tolerance to damage is known
to have a heritable basis and can evolve in plant populations (Strauss & Agrawal 1999,
e.g. Agrawal et al. 2004), and because B. davidii is able to recover from damage caused
e.g. by frost or floods, by producing adventitious shoots and roots (Smale 1990).

In particular, we asked following questions:
(1) Is there evidence for genetic differentiation between invasive B. davidii
populations in traits of growth and reproduction, and are these differences

related to the climatic conditions of the populations' home site?
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(2) Do the populations respond differently to the different transplant sites,
indicating local adaptation to climatic conditions? In particular, do transplanted
populations perform better at their home site than 'foreign' populations?

(3) How does clipping of aboveground biomass affect plant growth and
reproduction, and does the effect of clipping vary between populations and

among common gardens?

Methods

Study species

The Butterfly Bush (Buddleja davidii Franch., Scrophulariaceae) is a 3-5m tall multi-
stemmed shrub. Height and basal diameter growth follows an exponential pattern
indicating rapid early growth over the first 15 years, but declining later (Smale
1990). B. davidii is native to China and was introduced about 1890 for ornamental
reasons to Europe. It usually flowers one year after germination (Esler 1988b), but
sometimes already in the first year, usually from July to September. The terminal
inflorescences are thyrsoid panicles appearing at current-year stems or branches and
are up to 30 cm in length (Leeuwenberg 1979, Wu & Raven 1996). B. davidii is butterfly
pollinated and mainly outcrossing (Susanne Schreiter, unpublished data). Each panicle
may produce 100 to more than 1700 capsules (Kreh 1952, Brown 1990), and the small
seeds are dispersed by wind or water (Campbell 1984). Both in its native and invasive
range, B. davidii prefers naturally or anthropogenically disturbed areas, such as river
banks, roadsides, and railways (Kunick 1970, Randall & Marinelli 1996), It tolerates a
wide range of climatic and soil conditions (Kreh 1952, Webb et al. 1988). A first spread
of the species occurred after World War II in bombed and wasted areas of several
European cities. The species escaped from gardens also in North America, Africa,
Australia and New Zealand, has become naturalized or invasive and can now be found
on several plant watching lists (Tutin 1972, Leeuwenberg 1979, Webb et al. 1988,
Csurshes & Edwards 1998, SKEW2008).
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Experimental design

We carried out a common garden experiment replicated in three central European
regions ranging from an oceanic to a sub-continental climate (Oldenburg and Halle in
Germany, and Basel in Switzerland; Table 1). We used plants derived from seeds
sampled in 20 invasive populations across western and central Europe (Figure 1,
Table 1). The latitudinal gradient of sampling ranged from Northern Spain (43°) to
Central England (53°) and the longitudinal gradient ranged from 3°W (Northern Spain)
to 12°E (Eastern Germany), thus reflecting most of the European range of the species.
In April 2005, seeds from five individuals per population were germinated separately
on potting soil in a greenhouse. In June 2005, when plants were about 10 cm in height,
two progeny of each of the five individuals were planted randomly in each of five
blocks established in each common garden. Individuals were separated by a distance
of 50 cm. To simulate loss of biomass that can be caused by floods and frost, we
applied a clipping treatment. In April 2006, we clipped all stems 5 cm above ground of
one of the two individuals per maternal plant in each garden using pruning shears.
Within this common garden experiment, we implemented a reciprocal transplantation
experiment in order to test the 'local vs. foreign' criterion (Kawecki & Ebert 2004). For
this purpose, one population originating from each of the three places harboring the
common gardens was included (Table 1).

In summer 2005, we quantified flowering phenology by monitoring the
beginning and the duration of flowering of each plant every other day in the common
garden in Halle. In January 2007, we measured several traits concerning plant size
(number of stems, diameter of the thickest stem, and length of five randomly selected
stems per individual) and reproduction (number of inflorescences per individual,
length of 20 randomly chosen inflorescences per individual), and harvested all above-
ground plant parts. We determined reproductive biomass (biomass of inflorescences)
and vegetative biomass separately by weighing it after drying at 60 °C. We calculated
total above-ground biomass as the sum of reproductive and vegetative biomass, and

reproductive effort as the ratio of reproductive biomass to total biomass.
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Table 1. List of 20 sampled populations of Buddleja davidii in Europe with climatic data according to Hijmans et al. (2005).
coordinates Mean Mean
Altitude Mean annual maximum minimum Mean annual

Population latitude longitude as.l. [m] temperature  temperature of temperature of precipitation

[°C] the warmest the coldest [mm]

month [°C] month [°C)

France / St. Malo 48.6122 N 2.0525 W 40 11.23 21.0 2.8 737
Germany / Cologne 50.9627 N 6.9647 E 46 10.13 24.5 -0.8 770
Germany / Darmstadt 49.8894 N 8.6380 E 127 10.13 245 2.4 642
Germany / Duisburg 51.4827 N 6.7856 E 30 9.72 23.2 -0.5 804
Germany / Essen 51.4652 N 7.0266 E 37 10.12 22.7 -0.6 834
Germany / Halle 51.4811 N 11.9683 E 99 9.91 23.4 2.2 483
Germany / Oldenburg 53.1438 N 8.2138 E 68 9.10 22.8 -0.6 829
Germany / Seligenstadt ~ 50.0402 N 8.9681 E 114 9.95 24.7 -2.0 639
Germany / Sulzbach 48.8630 N 8.3711 E 470 9.99 23.1 -3.1 867
Germany / Tettnang 47.6300 N 9.5847 E 447 8.76 23.4 -3.7 1063
Italy / Merano 46.6667 N 11.1666 E 402 10.90 27.3 -4.2 795
Spain / Leioa 43.3277 N 2.9869 W 77 12.66 22.9 6.2 1203
Switzerland / Basel 47.5472 N 7.5892 E 280 14.03 24.6 -0.8 782
Switzerland / Geneve 46.2083 N 6.1428 E 387 10.04 259 -1.8 934
UK/ Eastleigh 50.9666 N 1.3506 W 15 10.29 21.9 1.3 764
UK / Egham 51.4305 N 0.5467 W 17 10.51 23.0 0.0 651
UK / Manchester 53.4777 N 2.2456 W 50 10.25 21.8 1.6 932
UK/ Reading 51.4527 N 0.9631 W 42 10.50 21.9 0.0 701
UK / Wallingford 51.6000 N 1.1258 W 48 9.96 214 0.5 657
UK / Yarmouth 50.7027 N 1.4967 W 1 10.57 21.8 1.8 787
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Figurel.  Map of the location of the 20 sampled invasive populations in Europe.

Seed mass was assessed by weighing a bulk sample of 100 seeds for each plant, and
dividing this value by 100.

In order to assess the influence of the different soil conditions in the three
common gardens on plant growth, we carried out an additional greenhouse
experiment. We sampled the upper soil layer at five randomly chosen locations within
each garden, and mixed these samples for each garden. In April 2006, we sowed seeds
from five individuals per population into 1L plastic pots filled with soil of each garden.
After germination, we reduced offspring to one seedling per maternal plant and kept
the total of 300 pots in an unheated greenhouse. During winter, plants were held in a
greenhouse at 10°C. In July 2007, we harvested the aboveground biomass and dried it
for 4 days at 60°C. In addition, we determined chemical characteristics of the three
soils: pH values in 0.1 N KClI solution using a Calimatic pH meter Typ 765 (Knick
elektronische Messgerdate GmbH & Co, Berlin, Germany), C and N concentrations by

dry combustion and subsequent gas analysis using an Element Analyser Vario EL
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(Elementar Analysesysteme GmbH, Hanau, Germany), and conductivity (TetraCon 325
and WTW Cond 315i, Wissenschaftlich-Technische Werkstatten GmbH & Co. KG,

Weilheim, Germany).

Statistical Analyses

We compared the probability of survival, and the probability of flowering between
gardens and populations using a generalized linear model with binomial error
distribution and logit link function (procedure GENMOD, SAS version 9.1). All other
data from the common garden experiments were analyzed with general mixed effect
models (procedure MIXED, REML method), with garden and clipping as fixed effects,
and block, population as wall as their interactions as random effects. The length of the
longest leaf at the beginning of the experiment was included as a covariate to account
for initial seedling size. Random effects were assessed by comparing the full model
with the reduced model using a likelihood ratio test (Littell et al. 1996). The same model
was applied to the reduced data set of the three reciprocally transplanted populations
(Basel, Halle and Oldenburg). Since the data were unbalanced due to different
mortality between gardens, we used type III sum of squares (Shaw & Mitchell-Olds
1993). In case of length of stem and length of inflorescence, we used the mean value of
each plant for statistical analysis to avoid pseudo-replication. While reproduction effort
was arcsine square-root transformed, the other dependent variables and the covariate
were log-transformed to normalize their distribution prior to analysis. P-values from
the model were corrected by Benjamini and Hochberg FDR procedure (Verhoeven et al.
2005) to account for multiple comparisons without inflating the likelihood of type II
errors (Cabin & Mitchell 2000).

Since flowering phenology was only measured in the common garden in Halle
and before the clipping treatment took place, we used the procedure MIXED as
described above, but without garden and clipping as fixed factors. To compare the

effects of the different soils in the additional greenhouse experiment, we used the
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procedure GLM with origin of soil as fixed factor. The same procedure was applied to
compare soil chemical properties between the three common gardens.

To investigate whether there is a relationship between plant traits, and climatic
conditions of the populations' home sites, we calculated the population means of each
plant trait across the three common gardens, and correlated these values with climatic
variables, geographic coordinates, and altitude of sampling locations using Pearson's
product-moment correlation. As climatic variables we extracted mean annual
temperature, mean maximum temperature of the warmest month, mean minimum
temperature of the coldest month, and mean annual precipitation from
http://www.worldclim.org (Hijmans et al. 2005). Since the 'local vs. foreign' criterion
could only be tested for the three reciprocally transplanted populations (see above), we
used the correlation between plant fitness and the geographic distance of the common
garden from the populations' home site as a proxy for the 'home vs. away' effect.
However, it has to be kept in mind that the 'home vs. away' criterion confounds the
effects of divergent selection with intrinsic differences in habitat quality, and is thus
not as diagnostic for the pattern of local adaptation as the local vs. foreign' is (Kawecki
& Ebert 2004). In addition, we analysed whether differentiation among populations in
growth and reproductive traits are simply due to isolation by distance: We correlated
all pairwise phenotypic distances and geographic distances among populations, and
used Mantel's t-test based on Pearson's product-moment correlation to test for
statistical significance. Since we intended to consider the whole set of plant traits in this
analysis, we did not use Qsr values to characterize population differences in
quantitative traits (Storz 2002) but Euclidian distance among populations based on all

measured traits after standardization.
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Results

Mortality of Buddleja davidii differed significantly between the three common gardens
(log likelihood ratio=34.19, p<0.001, d.f.=2), but not among populations (log
likelihood ratio =27.38, p =0.096, d.f. =19). After 19 months, mortality was highest in
the common garden in Basel (28%), lowest in Halle (6.5%), and intermediate in
Oldenburg (16%). The population x garden interaction was not significant.

Across the three common gardens, 20.7% of all plants flowered already in 2005,
i.e. within the first year after germination. The probability of flowering in the first year
was significantly different between the gardens (log likelihood ratio = 183.56, p < 0.001,
d.f. =2) and was largest in Halle (52.5%), intermediate in Oldenburg (7%) and lowest in
Basel (0.05%). Moreover, populations also differed significantly in their probability of
flowering (log likelihood ratio=59.05, p<0.001, d.f.=19). The garden x population
interaction was not significant. For plants in Halle, the beginning of flowering was on
average 133.78 +2.2 days (mean *s.e.) after germination and differed significantly
between the populations (Fios =1.90, p =0.025) while there was no difference in the
duration of flowering (Fios: = 1.42, p = 0.141).

Plant size at the beginning of our experiment (measured as length of the longest
leaf) significantly influenced biomass and number of inflorescences at final harvest
(Table 2). Our study populations differed significantly in all growth and reproductive
traits among the gardens, as growth conditions were apparently best in the common
garden in Halle and worst in Basel. For example, plants in Halle and Oldenburg
produced on average 85% and 73% more biomass than plants growing in Basel (Figure
2). Similar differences were detected in reproductive traits, i.e. plants in Halle and
Oldenburg developed more (78% and 58%), larger (31% and 20%) and heavier (89%
and 78%) inflorescences than plants in Basel.

Clipping of stems in spring was not completely compensated during the following
growing period, as total biomass, stem diameter and reproductive biomass were

significantly smaller in clipped plants compared to untreated plants (Figure 3).
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Table 2. Summary of mixed model ANCOVAs conducted for 20 invasive Buddleja davidii populations, planted in three common gardens
in Oldenburg, Halle and Basel. Plant size at the beginning of the experiment was used as covariate. Numbers in brackets indicate error
degrees of freedom for reproductive traits. F-values are given for fixed effects, while log likelihood ratios are given for random effects (levels
of significance: * a <0.05, ** a <0.01, ** a <0.001, after applying the Benjamini-Hochberg procedure to growth-related and reproductive

traits in order to account for multiple comparisons).

F - value (for fixed effects) or log likelihood ratio (for random effects)

Growth-related traits

Df/ Reproductive traits
error df total no. of length of  diameter reprod. reprod. . no. of l‘ength of seed
biomass stems stems of stems biomass effort inflores- inflores- mass
cences cences

Fixed effects
garden 2/12 52.95 *** 15.28 *** 9221 60.92 *** 37.01**  15.84*** 15.85*** 25971 *** 8.37 **
clipping 1/19 38.61 *** 4.00 4.34 60.11 *** 19.24 ** 0.04 4.02 0.03 1.53
garden x clipping 2 /38 (35) 4.12* 1.29 4.36 * 11.45 *** 6.28 1.10 1.13 2.28 0.06
Random effects
covariate 1 31.60 *** 3.70 2.80 0.90 4.60 *** 0 6.40 * 0 0
block (garden) 1 34.20 *** 0 0 0 7.70 *** 0 0 0 4.10
population 1 3.80 4.00 *** 0.30 0 2.10**  10.60 *** 3.60 3.60 3.50
garden x population 1 0 0 0 0 0.30 0 0.60 0.40 0
clipping x population 1 0 0.20 0 0 0.50 1.70 0.60 0.60 0
garden x clipping x population 1 24.20 ** 0 0 0 0 0.60 0 0 0
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Figure2.  Differences in reproductive biomass between 20 invasive Buddleja davidii
populations, across all three common garden experiments conducted in Oldenburg, Halle and
Basel (least square means + s.e.). The order of the populations corresponds to Table 1.

Although the other growth and reproductive traits (except seed mass) showed the
same tendency, the differences were not significant. Surprisingly, albeit also not
significant, seed mass increased after clipping in all three common gardens. The
significant garden x clipping interactions in growth-related traits indicate that
compensatory ability of plants was strongly dependent on growing conditions of each
site. The difference between unclipped and clipped plants in biomass and stem
diameter was smallest in Basel (10% and 46% reduction, respectively), intermediate in
Halle (30% and 50% reduction) and largest in Oldenburg (39% and 59% reduction).
Hence, there was obviously no simple relationship between “habitat quality” of the
common gardens (as indicated by growth of unclipped plants) and the amount of

regrowth.
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Figure3.  Comparison of (a) total biomass, (b) diameter of stems and (c) reproductive
biomass (mean +s.e.) between unclipped and clipped plants of 20 invasive Buddleja davidii
populations from Europe growing in common gardens at three different sites.

Populations differed significantly in the number of stems, reproductive biomass and
reproductive effort whereas there was no difference among populations in all other
traits measured (Figure 2, Table 2). There was also no difference in the response of the
20 populations to the different common gardens, as indicated by the non-significant
garden x population interaction. However, populations responded significantly
differently to the clipping treatment in each garden in terms of total biomass (garden x
clipping x population interaction, Table 2). We did not find significant correlations
between any traits of growth or reproduction, and climatic variables or geographic
coordinates of the populations' home sites (-0.41 <r <0.43, n=20). There was also no
significant relationship between phenotypic distance and geographic distance,
indicating that any variation in plant traits between populations did not result from

isolation by distance (r = 0.17, p = 0.095, Mantel's t-test).
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Table 3. Summary of mixed model ANCOVAs conducted for the invasive Buddleja davidii populations from Oldenburg, Halle and Basel that were
reciprocally transplanted between the three common gardens. Plant size at the beginning of the experiment was used as covariate. F-values are given
for fixed effects, while log likelihood ratios are given for random effects (levels of significance: * a <0.05, ** o <0.01, *** o <0.001, after applying the
Benjamini-Hochberg procedure to growth-related and reproductive traits in order to account for multiple comparisons).

F - value (for fixed effects) or log likelihood ratio (for random effects)

Df/ Growth-related traits Reproductive traits
error df total no. of length of diameter reprod. reprod. ir:;?(l)(;::s li;r;ig;?e:f seed
biomass stems stems of stems biomass effort mass
cences cences

Fixed effects
garden 2/4 13.79 * 1.67 19.08 * 22.08 * 22.14* 1.64 7.71 16.05* 7.98
clipping 1/2 8.59 0.42 3.19 10.78 5.01 1.45 4.22 4.26 0.05
garden x clipping 2/4 1.09 1.86 0.19 0.42 1.89 1.30 1.5 0.72 1.54
Random effects
covariate 1 29 0 14 0.6 0 0.8 0.1 0 0
block (garden) 1 29 0 1.4 0.6 0 0.1 0.1 0 0
population 1 0.4 1.2 0.1 0.1 0 0 0.2 0 0
garden x population 1 0 0 0 0 0 0.1 0.1 0 0
clipping x population 1 0 0.1 0 0 0.1 0 0.4 0 0.1
garden x clipping x population 1 0 0.2 0 0 0 0 0 0 0




We used the relationship between average plant fitness (in terms of reproductive
biomass) and distance of the common garden from the populations' home site as proxy
for the 'home vs. away' effect, but we could not reveal a significant correlation (for
Basel: r=0.174, p=0.075, for Halle: r=-0.028, p=0.487, for Oldenburg: r=0.067,
p = 0.235; Mantel's test).

Considering the three populations reciprocally transplanted between the three
places, we found significant differences between the gardens in total biomass,
reproductive biomass, length of stems, diameter of stems and length of inflorescences.
However, there were no significant garden x population interactions (Table 3) that
would be expected in case of local adaptation of these three populations (i.e. if the
local vs. foreign' effect would be significant).

In the greenhouse experiment, soil conditions significantly affected plant
performance, especially biomass (F23 =20.18, p <0.001). Plant biomass was, on average,
lowest in the soil from Oldenburg (5.18 g + 0.42 g, mean + s.e.), intermediate in the soil
from Halle (8.04 g + 0.35 g), and highest in the soil from Basel (8.48 g + 0.42 g). This
contrasts the results of the common garden, as non-clipped plants growing in Halle
and Oldenburg produced much biomass (251.52 g +23.27 g and 143.68 g + 15.76 g) than
plants in Basel (35.38 g +£10.61 g). Our soil analysis showed that there are significant
differences between sites in terms of pH values, Crotat and Neotwal (Table 4). All three soils
show a small C/N ratio indicating a high availability of nitrogen. The conductivity

varied to some extent between gardens, but the differences were not significant.

Table 4. Comparison of soil chemical properties of the three common gardens (degrees of
freedom for F-tests: 2, 3; levels of significance: ** ot < 0.01, *** ot < 0.001).

garden  pHGnKC)  Cou N oo C:N “’“C;‘:lcst]“’“y
Basel 816008 1242006 008:000 1634£399  323:47
Halle 784013  199+004  0.16+002 1228229 35934
Oldenburg ~ 592+0.60  3.64+0.16 027+001 1359+046 24138
Fovalue  107.06%* 5838 8622 5.10% 6.83*
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Discussion

The results of our study provide evidence for genetic differentiation in ecological
relevant, phenotypic traits of invasive populations of B. davidii of central and west
Europe indicated by a significant population effect and a significant
environment x clipping x population interaction. Among the gardens, growth and
reproductive traits differed highly significantly but all study populations responded in
a similar way to the respective physical environment. Moreover, our expectation that
plant fitness would decrease with increasing geographic and climatic distance to the
home site did not met. We found no relationship between plant traits and the location
of the home site, neither in growth and reproduction traits nor in flower phenology,
although such patterns of latitudinal population differentiation has been found in
several plant species (Weber & Schmid 1998, Kollmann & Banuelos 2004, Maron et al.
2004, e.g. Becker et al. 2006). Even the reciprocal transplant experiment, which was
incorporated in the common gardens, revealed no evidence for the 'local vs. foreign'
criterion. Altogether, these findings provide no support for our hypothesis, that local
adaptation to climatic conditions has facilitated the spread of invasive B. davidii
populations in Europe.

The evolution of locally adapted genotypes requires sufficient genetic variation
in ecologically relevant traits, which can be impaired by founder effects and genetic
drift after introduction (Novak & Mack 1993, Falconer & MacKay 1996, Allendorf &
Lundquist 2003). At least among our invasive B. davidii populations, we found
substantial genetic variation in some plant traits, and their response to the combination
of growing conditions and clipping. Although invasive plant species were often
introduced in small numbers and invasive populations often represent only a small
proportion of native genotypes, genetic diversity may increase due to multiple
introductions, hybridisation and introgression as well as artificial selections (Ellstrand
& Schierenbeck 2000, Mooney & Cleland 2001, Allendorf & Lundquist 2003, Ross et al.
2008). Plant breeding probably has an important impact on invasion success of non-

native species by promoting genetic differentiation between populations (Kitajima et al.
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2006). Buddleja davidii was introduced as an ornamental plant and breeders focused on
leaf and flower colour, inflorescence morphology, growth and frost hardiness
(Albrecht 2004, Wilson et al. 2004a) resulting in more than 90 cultivars (Stuart 2006).
Thus, it is likely, that invasive populations consist of progeny of cultivars rather than
of native genotypes of B. davidii. Depending on frequency and residence time of
cultivars provided on market, the probability of escape from cultivation rises (Dehnen-
Schmutz et al. 2007). Thus, variation among invasive B. davidii populations may simply
reflect genetic differences between cultivars haphazardly planted at each location and
that gave rise to the invasion. Furthermore, gene flow may constrain local adaptation
as argued by Kawecki & Ebert (2004). If we assume that especially populations at range
margins evolve in response to particularly harsh climatic conditions, then genetic
swamping from central populations and/or from planted cultivars would lead to
maladapted populations and might prevent local adaptation (Bridle & Vines 2007). The
popularity of B. davidii and their cultivars causes national and international trade and
transport, wherefore genotypes were frequently mixed. This may explain why
populations are obviously not isolated by distance, and at the same time, why local
adaptation did fail so far.

The absence of significant results may also be attributed to the short time period
since the first successful spread of B. davidii in Europe. The plant was introduced about
1890, while its first spread started after World War II. Several studies demonstrated
that plants can evolve in response to recent environmental conditions within few
generations (Davison & Reiling 1995, Thompson 1998, Bone & Farres 2001). For
B. davidii, the response to selection may be masked by changes in environmental
conditions at the new site that take place at the same time (Cooke et al. 1990). Perhaps,
the selection regime for invasive populations of B. davidii imposed by climate is not as
strong as in other well-known studies of local adaptation, for example in response to
heavy metals or herbicide application (Bone & Farres 2001). However, this would not
explain why local adaptation along climatic gradients has been found in other native
and invasive plant species (Becker et al. 2006, Kollmann & Banuelos 2004, Weber &
Schmid 1998).
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We also compared the performance of unclipped and clipped plants and their
compensatory ability. The artificial clipping was designed to mimic heavy damage by
frost, wind or water, which B. davidii is apparently able to tolerate by regrowth of new
stems (Smale 1990). Moreover, gardeners recommend severe pruning of the bush in
spring and removal of old wood to enhance growth of new basal stems, and to produce
denser and larger inflorescences (Miller 1984, Armitage & Dirr 1995, Ream 2006). Our
results demonstrated that clipped plants do not produce more stems, but stems of
smaller diameter. Although plants nearly fully compensate the length of stems, this is
neither mirrored by reproductive biomass nor by total biomass which is nearly
reduced by the half. Surprisingly, seed mass was positively influenced albeit not
significantly: clipped individuals produced slightly heavier seeds. These results are
contrasting to Lennartsson et al. (1997, 1998), who found significantly increased fruit
production while number of seeds per fruit and seed mass were not effected by
clipping in Gentianella campestris. One explanation could be the timing of clipping,
because damage early in the season might be associated with high tolerance (Strauss &
Agrawal 1999): e.g. Gentianella campestris only overcompensated during a restricted
time period, but did not before or after this period (Lennartsson et al. 1998). This might
be due to the availability of resources that can be mobilized for re-growth (Chapin &
McNaughton 1989, Trumble et al. 1993, Rosenthal & Kotanen 1994, Lennartsson ef al.
1998, Hochwender et al. 2000). Another reason for overcompensation after damage has
been revealed by Paige & Whitham (1987) who explain increased fruit and seed set by
a change in plant architecture as a result of growth of secondary shoots from basal
meristems. This is conceivable for B. davidii which can recover by producing
adventitious shoots and roots (Smale 1990), but despite early-season clipping we found
no overcompensation.

Apart from climatic effects, the significant differences in plant growth which we
have revealed between the three common gardens, might also be produced by soil
differences, that we could not exclude from our experiment. The three gardens showed
differences in soil characteristics, which may have been mirrored by the performance

of B.davidii plants. To disentangle the effects of soil conditions we conducted an
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additional greenhouse experiment using soils from the different gardens. However,
plant growth in the common gardens was not correlated with growth in the different
soils in the greenhouse; moreover, the rank order of the three sites or soils,
respectively, was reversed. Thus, we feel confident that the differences among the
common gardens are not simply the result of the different soils but reflect differences
between the whole set of abiotic and biotic factors.

In conclusion, our study revealed no hints for local adaptation to climatic
conditions among invasive European B. davidii populations. Our data rather suggest
that high phenotypic plasticity of these populations allows them to grow across a wide
range of climatic and soil conditions, thus contributing to the successful spread of the
species. The importance of phenotypic plasticity for invasion success has also been
demonstrated by other studies (e.g. Sexton et al. 2002, Parker et al. 2003, Ross & Auge
2008)Further studies on the importance of local adaptation and phenotypic plasticity
for invasion success should incorporate multiple common garden experiments on
different spatial scales, both across continents and across different places within the
native and the invasive range. In addition, molecular studies on invasive populations
and traded cultivars would provide more information about the impact of plant
breeding on genetic differentiation between and among populations and on the
potential for rapid evolution in B. davidii. Furthermore, it can be assumed that the
species does not have filled out its potential distribution range, and that the invasion
process will proceed (Ebeling et al. 2008a, accepted). Hence, we should watch out the
further spread and impact of this species, especially with respect to the negative

experiences of New Zealand (Smale 1990, Richardson et al. 1999).
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Predicting the spread of an invasive plant:
Combining experiments and ecological niche
model

with Erik Welk, Harald Auge and Helge Bruelheide

Ecography, accepted

Abstract

Rapid evolutionary adjustments to novel environments may contribute to the
successful spread of invasive species, and can lead to niche shifts making range
dynamics unpredictable. These effects might be intensified by artificial selection in the
course of breeding efforts, since many successful plant invaders were deliberately
introduced and cultivated as ornamentals. We hypothesized that the invasion success
of Buddleja davidii, the ornamental Butterfly Bush, is facilitated by local adaptation to
minimum temperatures and thus, exhibits unpredictable range dynamics. To assess the
potential effects of adaptive evolution and artificial selection on the spread of B. davidii,
we combined a common garden experiment investigating local adaptation to frost,
with ecological niche modelling of the species' native and invasive ranges. We
expected that populations naturalized in sub-continental climate are less susceptible to
frost than populations from oceanic climate, and that the invasive range does not
match predictions based on climatic data from the native range. Indeed, we revealed
significant variation among invasive B. davidii populations in frost resistance.
However, frost hardiness was not related to geographic location or climatic variables of
the populations' home site, suggesting that invasive B. davidii populations are not
locally adapted to minimum temperatures. This is in line with results of our ecological
niche model that did not detect a niche shift between the species' native range in China,
and its invasive range in Europe and North America. Furthermore, our niche model
showed that the potential invasive range of B. davidii is still not completely occupied.
Together with the frost resistance data obtained in our experiment, the results indicate
that climatic conditions are currently not limiting the further spread of

the species in Europe and North America.
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Introduction

Spatial distributions of species are determined by intrinsic factors, such as population
dynamics and genetic constitution, as well as by historical and recent environmental
filters acting on several spatial and temporal scales, e.g. by physical barriers, resources,
and biotic interactions (e.g. Woodward & Williams 1987). On large spatial scales,
climatic conditions are assumed to be the critical environmental control for the
distribution of the majority of species. In the temperate zone, frost usually acts as
distribution barrier (Franklin 1995), limiting the geographical range of many
herbaceous and woody species (e.g. Sakai & Wardle 1978, Bannister & Polwart 2001,
Bruelheide 2002). Predicting the geographical ecology of invasive species is of special
importance because biological invasions are regarded as one of the most serious threats
to global biodiversity and may cause economic and ecological problems (Sala et al.
2000). The application of species distribution models to biological invasions is therefore
a promising area of applied ecology (Willis & Hulme 2002, e.g. Welk et al. 2002).
Predictions of the potential range of invasive species are usually based on climatic
variables obtained in the species' native range, thus assuming niche conservatism (see
Wiens & Graham 2005). Niche shifts during biological invasions may therefore limit
the predictability of range dynamics (Broennimann et al. 2007, Urban et al. 2007).

Several ecological and evolutionary processes can lead to a shift of the realized
niche in the introduced range. First, invasive populations are often regulated by other
abiotic or biotic factors compared with populations in their native range (Hierro et al.
2005). For instance, they may escape from biological constraints on growth and
reproduction (EICA hypothesis, Blossey & Notzold 1995, Mooney & Cleland 2001,
Thebaud & Simberloff 2001, Keane & Crawley 2002) and, in consequence, grow much
more vigorously (e.g. Ebeling et al. 2008b).

Second, spread of invasive species may not only be facilitated by certain pre-
adapted traits (Callaway & Aschehough 2000), but also by evolutionary changes after
introduction (Mack et al. 2000, Leger & Rice 2003, Parker et al. 2003). For instance, local

adaptation to climatic conditions may increase the invaders' distribution (Parker et al.
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2003), which has been revealed for several invasive plant species (Kollmann &
Banuelos 2004, Weber & Schmid 1998). Changes in the ecological or climatic tolerances
of invasive species can thus greatly contribute to our general understanding of how
evolutionary processes contribute to range dynamics (Bridle & Vines 2007).
Furthermore, a significant proportion of invasive plant species was introduced as
ornamentals (Weber 2003), and has therefore been subject to artificial selection which
often changes ecologically relevant traits (Kitajima et al. 2006). One focus in plant
breeding is an increase in survival, e.g. by improving frost hardiness in the temperate
zone (Albrecht 2004). It can therefore be hypothesized that evolutionary changes,
including the results of plant breeding, affect niche properties, thereby leading to
unpredictable range dynamics.

We tested this hypothesis using the butterfly bush, Buddleja davidii, as study
system. This shrub species is native to China and was introduced to Europe for
ornamental reasons about 1890. Today, it is a successful invader of anthropogenic and
natural habitats in Europe, North America and New Zealand. In Europe, invasive
B. davidii populations grow predominantly in oceanic regions of the temperate and
Mediterranean climate zone, while their spread to continental regions seems to be
limited by a lack of frost tolerance (Krivanek & Pysek (2006). Nevertheless, there is
some evidence for variation in frost hardiness between B. davidii cultivars (Albrecht
2004), which may provide the basis for local adaptation to winter temperatures. We
combined an experimental approach and ecological niche modelling to investigate the
following questions:

(1) Areinvasive B. davidii populations locally adapted to minimum temperatures?

(2) Is there evidence for a niche shift which impairs the prediction of the potential
invasive range based on the native range?

(3) Is frost effectively limiting the further spread of this species across Europe and

North America?
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Common garden and reciprocal transplantation experiments are two powerful
methods to test for local adaptation (Sakai et al. 2001). Reciprocal transplantation
experiments allow comparing fitness of populations in their 'home' environment with
fitness of 'foreign' populations (Kawecki & Ebert 2004) but for woody perennials,
results are often constricted to short periods of the life-cycle (Ross et al. 2008, in press).
We therefore applied an alternative approach and correlated results from a common
garden experiment with environmental variables from the home site of each
population (e.g. Anderson et al. 1996, Weber & Schmid 1998). We used progeny of 20
invasive B. davidii populations sampled across Western and Central Europe, and
quantified frost resistance of leaves rather than plant fitness of this perennial species,
which was beyond the time extent covered by this article. In case of local adaptation to
winter temperatures, we expected a geographic cline in frost resistance: populations
from oceanic regions should be more susceptible to frost than populations from sub-
continental regions with low winter temperatures, in particular if resistance traits
incurred a fitness cost (cf. Agrawal et al. 2004).

Macroecological range analyses can be regarded as additional approach to detect
evolutionary changes: macroclimatic niche properties are intrinsic characteristics and
thus important preconditions enabling a species to spread into new environments. If
evolutionary changes resulted in niche expansions, this should become evident in
differences of the macroecological niches between the native and the invaded range.
Thus, we analyzed the native macroclimatic niche of B. davidii and compared it with
the climatic properties of the currently invaded range. We performed ecological niche
models based on native distribution data, and statistical comparisons of climatic data
between native range and invaded range. Ecological niche models are commonly used
to predict the geographic range of a taxon from presence/absence data and
environmental variables (Pulliam 2000, Austin 2002). Regarding B. davidii, we expected
indications of niche expansion in the invaded range, and furthermore, that the
supposed frost-susceptibility (Krivanek & PySek 2006) was detectable in the limitation
of the native macroclimatic niche, and that this limit is at least approached in the

invaded range.
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Materials and Methods

Study species

Buddleja davidii Franch. is a deciduous or semi-evergreen (Owen & Whiteway 1980)
shrub of 2 to 5m height (Wu & Raven 1996) and reaches an age of up to 30 years
(Smale 1990). The species is native to the Chinese provinces Gansu, Guangdong,
Guangxi, Guizhou, Hubei, Hunan, Jiangsu, Jiangxi, Shaanxi, Sichuan, Xizang, Yunnan,
and Zhejiang, where it occurs as thickets on mountain slopes and along draws in
mountains at elevations from 800 - 3000 m (Wu & Raven 1996). Since its introduction to
Europe as an ornamental shrub at the end of 19% century, about 70 B. davidii cultivars
have been bred by gardeners (Dirr 1997). In Europe and North America, B. davidii
invades in particular naturally or anthropogenically disturbed habitats such as
riverbanks, railway embankments, and brown fields due to tolerance of drought as
well as flood events (Kunick 1970, Randall & Marinelli 1996).

The growth rate of B. davidii plants is at least 0.5 m per year. Although flowering
typically occurs in the second year after germination, it can already happen in the first
year. The plant flowers from July to late September. The terminal inflorescences are
thyrsoid panicles, appearing at current-year stems or branches (Wu & Raven 1996). B.
davidii has an enormous seed production of up to 3 million seeds per plant (Kreh 1952,
Campbell 1984). Due to their low weight, seeds are well dispersed by wind and water
(Campbell 1984). Until now, a detailed distribution dataset for the native and invaded
ranges of the species has not been available. While numerous records of naturalized
populations can be found documenting the occurrence in western European countries
and regions after World War II (see Kreh 1952), they are missing for east European
regions. In Europe, naturalized B. davidii populations grow predominantly in oceanic
regions of temperate and Mediterranean zones (Rothmaler 2002), and their current
eastern distribution border runs approximately along the 15° E meridian. Krivanek &
Pysek (2006) assume that the further spread of B. davidii into Eastern Europe is limited
by a lack of frost tolerance. However, the Association of German Nurseries evaluated

21 currently traded B. davidii cultivars, and assessed four of them as highly frost
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resistant and eight as indifferent (Albrecht 2004), indicating heritable variation in frost

resistance.

Common garden experiment and measurement of frost resistance

In winter 2005/2006 we sampled seeds from 20 invasive populations of B. davidii, trying
to cover the invaded range in Europe as much as possible (Figure 1, Table 1). This
enabled us to analyze our experimental data in relation to the present climatic
gradients. In April 2005, seeds of five individuals per populations were germinated in

potting soil in a greenhouse.

0 500 Kilometers N w

Figure1l. = Map of the location of the 20 sampled invasive populations in Europe.
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Table 1. List of 20 sampled populations of Buddleja davidii in Europe.
Population . coordinates . Altitude
latitude longitude a.s.l. [m]

France / St. Malo 48.6122 N 2.0525 W 40
Germany / Cologne 50.9627 N 6.9647 E 46
Germany / Darmstadt 49.8894 N 8.6380 E 127
Germany / Duisburg 51.4827 N 6.7856 E 30
Germany / Essen 51.4652 N 7.0266 E 37
Germany / Halle 51.4811 N 11.9683 E 99
Germany / Oldenburg 53.1438 N 8.2138 E 68
Germany / Seligenstadt 50.0402 N 8.9681 E 114
Germany / Sulzbach 48.8630 N 8.3711 E 470
Germany / Tettnang 47.6300 N 9.5847 E 447
Italy / Merano 46.6666 N 11.1666 E 402
Spain / Leioa 43.3277 N 2.9869 W 77
Switzerland / Basel 47.5472 N 7.5892 E 280
Switzerland / Geneve 46.2083 N 6.1428 E 387
UK/ Eastleigh 50.9666 N 1.3506 W 15
UK/ Egham 51.4305 N 0.5467 W 17
UK / Manchester 53.4777 N 2.2456 W 50
UK/ Reading 51.4527 N 0.9631 W 42
UK/ Wallingford 51.6000 N 1.1258 W 48
UK / Yarmouth 50.7027 N 1.4967 W 1

In June 2005, two individuals of each population were planted in one of five blocks (10
plants per population overall) in a common garden in Halle (Germany, lat. 51.489664°,
long. 11.961178°) characterized by sub-continental climate (for the period 1961-1990:
mean annual temperature =9.1°C, mean annual temperature amplitude = 18°C, mean
annual precipitation = 459 mm, mean minimum temperature of the coldest month =

-2.3°C, mean annual number of frost days: 72).
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We used two methods to investigate frost resistance of leaves: First, we quantified frost
damage by estimating the percentage of damaged area (brown spots or patches) of 20
randomly chosen leaves per plant visually in January 2007. We carefully chose this
point in time when the plants had experienced first heavy frost periods (below -4°C in
December) but still retained their leaves, which enabled us to get reliable estimates of
frost damage. Second, we randomly sampled five leaves that were not damaged from
each of five individuals per population to quantify frost hardiness using the electrolyte
leakage method following Murray (1989). This method is based on the release of
electrolytes through damaged membranes. The resulting electrolyte concentration in
solution can then be measured as conductivity. The rate of electrolyte leakage is a first
order process which is defined by a rate constant that varies directly with the extent of
tissue damage (Murray et al. 1989). Leaves were exposed to control temperature at 4°C
and to freezing temperatures at four levels (0°C, -4°C, -8°C, -16°C) in a climate test
chamber (Sanyo MTH-4400). Each temperature level lasted for half an hour with a
cooling rate of +4°C per hour between treatments. At the end of each temperature level,
one leaf of each of the five individuals per population was removed from the freeze
chamber and brought into a refrigerator at +4°C.

One day after frost treatment one disc of 10 mm diameter per leaf was cut from
each leaf and placed in tubes with 3% iso-propanol. There were five replicates per
population and per frost treatment, resulting in a total of 500 samples. The electrical
conductivity of the solution in each test tube was measured at 4°C using an automated
sample processor with conductivity meter (Metrohm) at the beginning (Co), after 4, 24,
48, 72 hours (Ci- Cs), each time after vortex mixing. The reference value was measured
as the conductivity after the leaf disc in the solution was boiled for 20 minutes (Cboilea).
The relative conductivity (RC) of each time series was fitted to a logistic regression
(Murray et al. 1989; statistical software SAS 8.2):

Ct _Co

Tt 20 11— e—k*t
Cboiled - C:O

RC =

The parameter k increases with the rate for electrolyte leakage and can therefore be

used as an inverse measure of frost hardiness.
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Statistical analysis of frost resistance

We applied a mixed-model ANOVA to test for differences between populations in
terms of frost damage of leaves in the common garden (procedure MIXED, REML
method, SAS version 9.1). Another mixed-model ANOVA was applied to the
parameter k, thereby using the population x temperature interaction to test for
differences in frost hardiness between populations. Population, block and
population x temperature were considered as random effects. To investigate at which
freezing temperature plants responded differently we carried out a post-hoc Dunnett
test against the control at +4°C. To evaluate whether invasive populations from colder
climates show increased frost resistance, we did a stepwise backward multiple
regression of k-values of -16°C and -8°C against geographic coordinates (longitude and
latitude) and several climatic variables from the origin of population using climate data
from http://www.worldclim.org (Hijmans et al. 2005): annual mean temperature, mean
minimum temperature of the coldest month, and mean annual precipitation. Akaike
information criterion (AIC) was used as a criterion to evaluate the model (Akaike
1978). We considered a significant correlation as an indication for local adaptation to
winter temperatures. Furthermore, we correlated data of frost damage estimation and
k values of -16°C and -8°C (Pearson correlation). Estimated percentage of leaf damage

was arcsine-transformed to normalize the values prior to analysis.

Distribution data

We were able to use new native range distribution data of reasonable resolution that
covers the species' complete area of occurrence in China. The dataset was based on Wu
& Ding (1999), a Chinese database on seed plants. Additional data were available from
herbarium specimen information from CVH (2007). It provides access to data
associated with plant specimens maintained in Chinese herbaria. The dataset was
critically assessed and completed through the work of Zhiheng Wang and Zhi-Yao
Tang from Department of Ecology, College of Environmental Sciences, Beijing

University.
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Distribution data for naturalized occurrences were compiled from a wide array of data
sources. Since B. davidii has been naturalized rather recently in many regions, the
geographical coverage in the floristic literature is uneven and depends on publishing
date. For North America, data were compiled from Plants Database (Mehrhoff et
al.2003, Klinkenberg2007, USDA2007, Weedmapper2007, OSU2007). Additional data
sources used are GBIF (2007), AVH (2007) and BioCat (Font 2007).

Analysis of distribution data

We carried out ecological niche modelling to test for differences between native and
invaded range, especially with respect to minimum temperatures. The native
ecological niche dimensions of B. davidii in China (rectangular model area from 95° to
122° E, and 22° to 40 N) were modelled using the Genetic Algorithm for Rule-set
Prediction (GARP, Stockwell & Noble 1992). GARP compares the ecological features of
sites where a species is present with random sites in the region (i.e. with 'pseudo-
absences'). The process tries and evaluates a selection of environmental rules, finally
adding or rejecting them from the model. The final combination of rules constitutes the
ecological niche model. This particular approach to modelling species' ecological
niches is described in detail in Peterson ef al. (2002).

We used point-occurrence data and digital layers of six climatic variables for the
monitoring period 1961-1990 with a spatial resolution of 10 arc minutes (New et al.
2002): mean annual number of frost days, mean annual precipitation, mean annual
temperature minimum, mean annual temperature maximum, and mean annual
number of wet days. The native range occurrence data set contained 460 georeferenced
point records. Models were trained on random subsets by half the points and cross-
validated using the other half, i.e. the independent data points. The simplest type of
GARP-parameterization was chosen: all rule types used, without combinations, best
subset selection disabled, and no environmental layer combinations. We developed 100
replicate model runs with a maximum of 1.000 iterations and a convergence limit of

0.1, and summarized the resulting model grids to produce a final model. The 95%
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model coincidence (area of raster cells where > 94 of the 100 models predicted presence
of the species) was arbitrarily chosen as threshold between presence and absence.

Model quality for native range predictions was then tested in three ways. First,
binomial tests (based on the proportional area predicted as present and the number of
independent test points successfully predicted) were used to compare observed
predictive success with that expected under random (null) models of no association
between predictions and test points. Second, Cohens Kappa was computed to
distinguish the prediction success from chance agreement between model and native
distribution. Since Kappa is influenced by trait prevalence (distribution) and base-rates
(Feinstein & Cicchetti 1990), we decided to use a weighted Kappa kw computed as
proportion of maximum possible unweighted kappa, given the observed marginal
frequencies. Third, the coincidence between modelled distribution and the species
range was assessed using the Jaccard-Index of similarity. In general, all quality
measures are, at least partly, related to the ratio of specificity (percentage of true
negatives correctly predicted) and sensitivity (percentage of true positives correctly
predicted). Because our data include only presence data, sensitivity is more relevant to
evaluate the models' quality.

To minimize sampling effects and other sources of spatial bias, we converted
both the native range and the non-native range data points, and the modelled area into
a grid with a cell size of 0.25°. This was necessary because we incorporated distribution
data sets characterized by very different sampling effort and botanical collecting
densities (see also Loiselle ef al. 2008).

The rule sets of the native-range models were projected onto the remaining
terrestrial regions (global land surface from -60° S to 80° N and -180° W to 180° E,
excluding the rectangular model area of the native range analysis) for comparison with
known occurrences in these regions. The models predictive ability for non-native range
occurrences was tested using Cohens Kappa, specificity (percentage of true negatives
correctly predicted) and sensitivity (percentage of true positives correctly predicted). It

has to be noted here, that for non-indigenous species' data, ratios for absence
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predictions are only relevant in terms of observations in the database, rather than in
reality, because it cannot be assumed that the process of invasive spread is complete.
To visualize the potential impact of minimum temperatures on the native range,
we selected from the original 10 arc minutes climate data layer 'mean annual
temperature minimum' all grid cells with values between -7 and -9°C (according to the
results of the leaf data analysis, see below) and mapped them as the putative margin of
a 'frost damage zone'. Finally we extracted all grid cells of the same layer (long-term
means of annual temperature minima) that are hit by (1) the model point data, or (2)
the native range point data, or (3) the non-native range point data for statistical

comparison of cold hardiness with Student's t-test.

Results

Frost resistance

Leaf damage of 20 European populations, measured in the common garden was on
average 25.6% and varied among the populations from 14 to 37%. These differences
were not significant (Table 2). We found only a weak relationship between frost
damage and the minimum temperature of the coldest month at the home site of each
population: with decreasing temperature, frost damage decreased slightly (Pearson's
r=0.359, p=0.119).

Our test for frost hardiness using the electrolyte leakage method revealed, as
expected, a strong effect of temperature on the leakage rate k (Figure 2, Table 2).
Leakage rate was, on average, significantly larger at -16°C (p<0.001) and -8°C
(p=0.048) compared to the control at 4°C, whereas leakage rate at -4°C and 0°C was
similar to the control. Hence, destruction of leaf tissue of B. davidii becomes evident at

temperatures of -8°C and lower.
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Table 2. Summary of a mixed-model ANOVA for the effects of temperature and population
on electrolyte leakage of leaf tissue. A significant population x temperature interaction indicates
differences between invasive populations of Buddleja davidii in frost hardiness.

log likelihood

df . P-value
ratio
Leaf damage
block 1 1.50 0.221
population 1 0.40 0.527
Frost hardiness
random effects
block 1 10.60 0.0011
population 1 1.70 0.1923
population x temperature 1 8.90 0.0029
df F P-value
fixed effect
temperature 4,76 332.83 <0.0001

Therefore, we used temperature values between -7 and -9°C to map putative 'frost
damage zones' in our ecological niche model (see below). Furthermore, there was a
highly significant population x temperature interaction (Table 2) indicating a different
response of populations to freezing temperatures, i.e. a strong between-population
variation in frost hardiness. Some populations showed a strong increase in electrolyte
leakage rate already at the -8°C treatment while others responded first at the -16°C
treatment.

Using stepwise multiple regressions, we neither found a relationship between
k values of -8°C nor of -16°C and geographic coordinates of the origin of each
population. There was also no correlation between k values and any climatic variables
of the different provenances. Moreover, frost damage estimated in the experimental
garden was not correlated with frost hardiness as measured by the electrolyte leakage

method.
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Figure2.  Leakage rate (k) for the 20 invasive populations of B. davidii at five temperature
levels (- 16°C, - 8°C, - 4°C, 0°C and + 4°C).

Distribution data analysis

The 95% coincidence model for the native range (Figure 3a) showed a reasonable
predictive ability when compared with native occurrence data. The agreement between
test occurrence points and model predictions was significantly better than random
(binomial tests, all p <0.05). The value for weighted Kappa was kw = 0.85, which can be
interpreted as excellent agreement and better than by chance (Monserud & Leemans
1992). Sensitivity of the model was 0.95, and specificity was 0.43. The Jaccard-similarity
between native range and model was 0.28 and points to constraints of the 'presence
only' nature of the occurrence datasets, as well as to limitations of the climate data
based model.

These latter limitations are easily observable in the prediction map for the native
range (Figure 3a). While the western and south-western range margins are very well

described by the model, this is obviously not the case for the eastern range margins. In
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this region large areas are modelled as suitable while actual recorded occurrences are
lacking, which leads to a relatively high rate of falsely predicted presences.
Independent native-range model projections to the remaining terrestrial regions
were well supported by known non-native occurrence records (Figure 3b-c). The
coincidence of our model predictions with actual invasion patterns was considerable:
83% of all grid cells with non-native occurrences were correctly predicted by the
climatic envelope model. Weighted Kappa for model prediction was kw=0.81
(excellent, better than chance), sensitivity =0.83, and specificity =0.91. Falsely
predicted non-native occurrences are mostly located in cool oceanic, boreo-atlantic
regions of north-western Ireland and Scotland, and in the forelands of the Alps in
Austria and Switzerland. Furthermore, Figure 3b-c indicates that there are vast
potential distribution areas in southern Europe and eastern North America with 100%
coincidence of the projected model that are currently uninhabited by B. davidii.
Statistical comparison of the climatic niche along the minimum temperature axis
revealed only minor differences between the native range data and the native range
model. The t-test for independent samples and unequal variance showed that the
difference in means is just 0.35°C (Bonferroni adjusted p-value: 0.022). The difference in
means between native range data and non-native range data was five times larger:
1.73°C (Bonferroni adjusted p-value: 0.000). For the 'cold tail' of the data distribution,
the differences are even larger: At the 5% percentile there is a difference of 2.12°C
between model and native range, whereas the difference between native and non-
native minimum temperatures is 9.42°C. The values for the 10" percentile are 0.52°C
versus 6.62°C in the same order. Hence, there are native Buddleja davidii populations
that are thriving in Chinese regions with minimum temperatures 5 to 10°C colder than
the hitherto established non-native populations in the coldest parts of the invaded

range.
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Buddleja davidii FRANCHET

. native records - 'frost damage' []95% model area
° naturalized records

Accumulated probability of occurrence - modeled with Desktop GARP - based on native records only

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100

Figure 3.  Ecological niche model for Buddleja davidii based on native distribution data (black
dots) and climate layers indicating potential distribution in a) Asia, b) Europe, c¢) North
America. The current non-native distribution is indicated by light green dots and the blue area
marks grid cells with annual minimum temperatures between -7 and -9°C (see Figure 2).
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Discussion

We can summarize our results as follows:

(I) Frost hardiness of leaves varied among the invasive B. davidii populations but
was not related to any climatic variable of their home site, indicating a lack of
local adaptation to winter temperatures.

(2)  The ecological niche model indicates that the macroclimatic niche of B. davidii
has not changed. Consequently, the potential invasive range of B. davidii is still
predictable based on climatic data of the species' native distribution.

(38) Our experiment revealed that frost damage in invasive B. davidii populations
occurs at -8°C and lower temperatures, and the ecological niche model showed
that the species has not yet filled out the potential invasive area. Thus, we can
conclude from both approaches that the current distributional range of B. davidii
across Europe is not limited by frost.

In the temperate zone frost acts an important environmental filter limiting the

distribution of plant species (Franklin 1995). In non-indigenous horticultural plants, the

probability of escape from gardens depends on their tolerance to low temperatures

(Dehnen-Schmutz et al. 2007). However, adaptive evolution in response to novel

environmental conditions can lead to an expansion of the distributional range (Bridle &

Vines 2007). For instance, studies on various native plant species revealed that frost

resistance of populations correlated with local climatic conditions (Scheumann &

Schonbach 1968, Sakai & Wardle 1978, Bannister & Polwart 2001). Local adaptation to

climatic conditions has also been shown for several invasive plant species within their

new range, e.g. for Impatiens glandulifera (Kollmann & Banuelos 2004), Solidago altissima
and S. gigantea (Weber & Schmid 1998), Tamarix ramosissima (Sexton et al. 2002), and

Datura stramonium (Weaver et al. 1984). In our study on 20 invasive populations of

Buddleja davidii from different regions in Europe, we found strong between-population

variation in frost hardiness measured by the electrolyte leakage method: All

populations responded in a similar way at temperatures above -8°C, but at this

temperature, some of them suffered much more from freezing conditions than others.
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In contrast, the populations did not differ in visible frost damage of leaves in the
common garden. The inconsistent results of the two resistance measures may derive
from a lack of extreme temperatures at our study site. In December 2006, minimum
temperatures were at least -4°C. Thus, although plants experienced frost, temperatures
did not reach the threshold point of -8°C at which we detected population
differentiation using the electrolyte leakage method. We assume that frost damage of
leaves will affect plant fitness because less resistant individuals have to produce new
leaves in spring, while individuals of higher resistance will retain their leaves. Frost
damage should thus result in loss of assimilates and nutrients stored in leaf tissue, and
in delay of photosynthesis. Therefore, we used leaves as model organs to study the
impact of frost, but we clearly need more information about frost effects on other plant
tissues, e.g. buds and roots, and how such damage actually translates into plant fitness.
Furthermore, future studies on frost resistance of B. davidii should use a finer
resolution of temperature treatments between -8°C and -20°C to reveal population
differentiation more precisely. In our study, however, this was not possible without
any a-priori knowledge of the species' response to frost.

Although our experimental results indicate genetic variation in frost resistance
among invasive B. davidii populations, there was no relationship between frost
resistance and geographic location, or climatic conditions of the home site of each
population. Hence, our expectation that invasive populations from oceanic climates
should be more susceptible to frost than populations from sub-continental climates
was not confirmed. The obvious lack of local adaptation of invasive B. davidii
populations to minimum temperatures might be due to several reasons. First, sufficient
genetic variation in frost resistance is a prerequisite for local adaptation to minimum
temperatures, and has been revealed in a number of native plant species (e.g. Agrawal
et al. 2004, Savolainen et al. 2004). Species invasions, however, are supposed to be
accompanied with genetic bottlenecks that should impair adaptive evolution
(Allendorf & Lundquist 2003). B. davidii was imported to Europe from populations in
the western provinces of China about 120 years ago (Lauener 1996). Thus, cultivated

B. davidii are likely to originate from a small part of the native distribution only, and
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might therefore be adapted to a narrower range of minimum temperatures. However,
our experimental results are contradicting this speculation because we found large
variation in frost hardiness among populations.

Second, it is a reasonable assumption that locally planted cultivars rather than
unmodified genotypes from China are ancestors of the invasive B. davidii populations.
Invasive cultivars are also known from other ornamental plants, e.g. Ardisia crenata
(Kitajima et al. 2006), Pyrus calleryana (Culley & Hardiman 2007), and Mahonia
aquifolium (Ross et al. 2008). For B. davidii, about 70 cultivars are known (Dirr 1997)
which differ in various traits, among others also in frost hardiness (Albrecht 2004). We
suppose that horticultural trade has lead to a mixing of B. davidii genotypes across
Europe. Thus, variation in frost resistance among invasive populations may simply
reflect the traits of cultivars haphazardly planted at each location and escaped from
cultivation. Moreover, the large-scale mixing of cultivars may also have prevented
local adaptation owing to gene-flow into invasive populations. This effect may be
similar to genetic swamping which is supposed to hinder adaptation at range margin
(Bridle & Vines 2007). Accordingly, Ross et al. (2008, in press) assumed that a possible
reason for the lack of local adaptation in invasive Mahonia aquifolium populations is
gene-flow from planted cultivars.

Third, the lack of local adaptation in B. davidii may be related to its invasion
history in Europe, including the short time period since the first spread, the time of
cultivation and the intensity of propagule pressure (cf. Dehnen-Schmutz et al. 2007).
The naturalization of B. davidii was promoted by destruction of urbanized regions in
Western Europe during the Second World War, where enormous amounts of building
site rubble provided suitable habitats (Kreh 1952, Kunick 1970, Owen & Whiteway
1980). In parts of Eastern Europe, e.g. Poland, the cultivation of B. davidii started only
in the 1970's (Adamowski et al. 2002). Although it has been demonstrated that plants
can evolve in response to recent environmental changes within few generations (e.g.
Bone & Farres 2001), we suppose that the short time span since cultivation (Eastern
Europe) or first spread (Western Europe) combined with founder effects, may have

prevented local adaptation so far. Finally, apart from frost resistance, an alternative
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plant strategy to cope with frost is tolerance, i.e. the ability to compensate for frost
damage (Agrawal et al. 2004). Aboveground susceptibility of B. davidii to frost does not
necessarily lead to death of the whole plant because of a high re-sprouting ability in the
following year (Albrecht 2004). In future studies, it will therefore be neccessary to
consider also variation in frost tolerance to assess possible local adaptations of invasive
B. davidii populations more comprehensively.

Our experimental data, indicating a lack of adaptive evolution in B. davidii in
response to minimum temperatures, are in line with the results of our ecological niche
model. The analyses of the climatic properties of the invaded and the native range
showed that the distribution in North America and Europe of B. davidii corresponds to
its climatic envelope in China. Hence, the species' realized macroclimatic niche appears
to be conserved (cf. Wiens & Graham 2005), and unaffected by evolutionary changes
including plant breeding. This finding is in contrast to recent studies providing
evidence for niche shifts in the invasive knapweed Centaurea maculosa (Broennimann et
al. 2007) in North America, and the invasive toad Chaunus marinus in Australia (Urban
et al. 2007).

There is, however, a mismatch between the modelled and the known native
distribution of B. davidii in Eastern China. Contrary to the situation in Europe and
North America, temperate oceanic to sub-oceanic lowland regions are
underrepresented in the known native range of B. davidii, where the species is confined
to mountainous regions. A possible explanation may relate to our observation that the
species prefers stony slopes with well drained, partly bare soils. The fit of the native
range model could then be increased by including topography related variables like
'slope’ or 'topographical index'. In addition, the occurrence of invasive populations in
disturbed habitats of urbanized regions (such as railway tracks or brown fields)
indicates a preference towards soil conditions similar to those of mountainous areas
rather than to mountain climates. Overall, we found no evidence for an
ecogeographical pattern that may result from evolutionary changes or ecological
release in the invasive range. Moreover, we have to point out that in case of B. davidii,

factors like rapid evolutionary adjustment and artificial selection do not impair the
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prediction of the potential range. However, predictions by climate based ecological
niche models produce just rough spatial estimates for possible future naturalizations,
provided that other conditions, often acting on finer spatial scales, are favourable for
the species.

Based on our experiments and the analysis of the geographical distribution, we
cannot confirm the assumption of Krivanek & Pysek (2006) that the distribution of B.
davidii in Europe is limited by a lack of frost resistance. Both, the ecological niche
model and the statistical comparison of climate, show that in its native range, the
species is already adapted to colder temperatures than those present in the currently
invaded range. So far, we cannot exclude that the eastern border of the current
distribution in Europe is reflecting the history of introduction (e.g. the late introduction
to Eastern Europe, Adamowski et al. 2002) and subsequent invasion rather than being
caused by climatic factors. Thus, we suggest that historical factors, such as
urbanisation, war damage, and fashion trends in gardening, may mask the relationship
between the invasion dynamics of B. davidii and ecological factors, and that the
coincidence between its current range margins and climatic factors is just produced by
chance. We may therefore conclude that large parts of the potential range of B. davidii
in Europe and North America are still unoccupied, and that the invasion process will
continue. Thus, monitoring further spread as well as additional experiments testing for
local adaptation, e.g. reciprocal transplantation experiments, are next steps to prove
this hypothesis. In summary, it can be stated that the combination of experimental tests
for frost resistance and ecological niche analyses based on native range distribution
data enabled a better understanding, and thus prediction of the invasion patterns of

B. davidii than separate analyses would have allowed.
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Herbicide tolerance in invasive Butterfly Bush
(Buddleja davidii) populations in Europe

with Harald Auge

submitted to: The Ecology and Management of Alien Plant Invasions

Abstract

In Europe, many invasive plant species grow in disturbed habitats like roadsides and
railway tracks, where they have to be removed for safety reasons. Spraying chemical
herbicides is the most commonly used technique for weed management along railway
tracks. As a consequence of recurrent herbicide use plants can evolve resistance. This
may in turn provoke either a higher frequency or an increased rate of herbicide
application, causing additional environmental and economic costs. In Europe, invasive
populations of introduced Butterfly Bush (Buddleja davidii) are spreading along
railways although the herbicide glyphosate is used for weed management along
railway tracks in most countries of Europe. Therefore, we asked to what extent B.
davidii is susceptible to glyphosate, and whether populations invading railway tracks
have evolved increased resistance compared with populations from other habitats. In
order to investigate this, we carried out a greenhouse experiment using offspring of 12
B. davidii populations from three different habitat types: railway embankments, ruderal
sites, and semi-natural habitats. After applying distilled water or four different
concentrations of the herbicide glyphosate, we monitored plant survival. In contrast to
our expectation, we found no evidence for glyphosate resistance in B. davidii because
the recommended application rate of 30 mL/L resulted in 100% mortality. Furthermore,
comparison of dose-response curves as well as LDso and LD« values revealed that
populations from railway embankments have not evolved increased resistance to

glyphosate so far.
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Introduction

The application of herbicides is a very common method to manage invasive plant
species (Culliney 2005). However, an important problem regarding the use of
herbicides is the evolution of herbicide resistance in plants (Heap 1997). In this context,
it is alarming that plants may evolve such resistance within few generations (Bone &
Farres 2001). If plants become resistant to herbicides, probably more costly methods for
controlling invasive plants must be applied. So far, most of the studies documenting
resistance to herbicides refer to agricultural weeds: By the mid 1990ies, herbicide
resistance has been demonstrated for more than 120 weed species, and their number is
increasing continuously (Heap 1997). The evolution of herbicide resistance in the
context of exotic plant invasions, however, has been marginalized in the past. This is in
remarkable contrast to the general opinion that the ability for adaptive evolution is a
key feature of successful invaders (Caroll & Dingle 1996, Sakai et al. 2001, Bossdorf et al.
2005). Indeed, rapid evolutionary adjustments to novel environments have been shown
for several invasive plant species, e.g. by Bradshaw et al. (2004), Galloway & Fenster
(2000), Maron et al. (2004) and Kollmann & Banuelos (2004).

Many introduced plant species occur along railway tracks, which represent not
only structures fragmenting natural habitats but are also dispersal corridors for plants
of disturbed habitats. Railway tracks can facilitate the spread of non-indigenous plants
by providing suitable substrates, favorable light conditions and reduced competition
(Brandes 1983, Theoharides & Dukes 2007). For instance, Brandes (1993) found that
more than 20% of plant species growing in railway stations in Germany are neophytes.
The occurrence of plant species along railways generally causes loss of elasticity and
drainage properties of the railway bed (Schweinsberg et al. 1999). To ensure safety and
comfort of the line, it is essential to remove plants from the railway tracks
(Schweinsberg et al. 1999, Ramwell et al. 2004, Torstensson et al. 2005). Since root stocks
are mostly not removed by manual eradication, weeds usually continue growing.
Application of chemical herbicides seems therefore to be the only economically

efficient method to control plants on railways (Torstensson et al. 2005), and contributes
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to the increasing economic costs to mitigate the impact of plant invasions (Pimentel et
al. 2000). Economic losses caused by herbicide application to manage invasive plants
are enormous: annual estimates range from 1 billion $ in New Zealand (Culliney 2005)
to 39 billion $ in India (Williams & Timmens 2002). At present, the most often used
herbicide on railway embankments in Sweden (Torstensson et al. 2005), Germany
(Schweinsberg et al. 1999) and in the UK (Ramwell et al. 2004) is the non-selective
glyphosate, frequently sold under the brand name RoundUp®. It is also the most
common herbicide in agriculture, landscape management and in weed control
programs (Zelaya et al. 2004, Perez et al. 2004).

Recent studies on herbicides rarely integrated evolutionary and population
biology, which would promote the understanding of those forces that support
evolution of herbicide resistance (Neve 2007). We think that comparing resistance
among populations or habitats with different history of herbicide application may be a
first step in this direction. We therefore conducted a study on the pattern of glyphosate
resistance among different invasive populations of the Butterfly Bush, Buddleja davidii.
This perennial shrub is native in China and invasive in several man-made and semi-
natural habitats in western and central Europe (Ebeling et al. 2008b). Invasive B. davidii
populations occur in enormous numbers along railway tracks and are still spreading
although glyphosate is used for weed control on railways in Germany since 1996. We
therefore hypothesized that populations from railway tracks, which are regularly
treated with glyphosate, have evolved herbicide resistance and are, thus, less
susceptible than conspecific populations from ruderal or semi-natural habitats without

a history of herbicide use.
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Materials and Methods

Study species

The perennial shrub Buddleja davidii Franch. (Scrophulariaceae) is native to China and
was introduced for ornamental reasons to Europe around 1890. The species is
naturalized in central and west Europe (Kreh 1952, Kunick 1970, Anisko & Im 2001),
and is still spreading across the continent. The shrub occurs at forest edges, roadsides,
rural dumps, stream and river banks and other disturbed habitats. It is a deciduous or
semi-evergreen shrub, 2-4 m tall, with an annual growth rate of at least 0.5 m. The
plant typically flowers in the second year after germination but flowers can also occur
in the first year. The lilac flowers, standing in terminal panicles at stem apex, are
pollinated by butterflies. Buddleja produces large quantities of seeds (about 3 Mill. per
plant), which are tailed for an efficient wind or water dispersal. It can regenerate by

producing adventitious shoots and roots on buried stems.

Herbicide glyphosate

Glyphosate herbicides, N-(posphonomethyl)-glycine are the most commonly used
herbicides in the world (Cox 2004). It inhibits the enzymatic reaction for the
biosynthesis of the amino acids phenylalanine and tyrosine. Therefore it is a broad-
spectrum, non-selective systemic herbicide used for control of annual and perennial
plants including grasses, sedges, broad-leaved weeds and woody plants.

Nevertheless, resistance have been revealed in Conyza canadensis (VanGessel
2001, Koger et al. 2004, Main et al. 2004), Lolium rigidum (Heap2007) and Lolium
multiflorum (Perez & Kogan 2003), Eleusine indica (Lee & Ngim 2000), Conyza bonariensis
and Plantago lanceolata (Heap2007).
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In Europe, we collected seeds from four invasive B. davidii populations within each of
three habitat types in which this species generally occurs: (1) railway embankments, (2)
ruderal sites, e.g. brownfields, gaps between buildings, roadsides, and (3) semi-natural

sites such as forest edges, abandoned gravel-pits and riverbanks (Table 1).

Table 1. Habitats and sampling locations of the twelve invasive Buddleja davidii populations
used for the experiment.

coordinates Altitude

population

latitude longitude a.s.l. [m]
1. railway
Switzerland / Basel 47.5472 N 7.5892 E 280
Germany / Essen 51.4652 N 7.0266 E 37
Germany / Oldenburg 51.4694 N 6.9014 E 68
Germany / Seligenstadt 50.0402 N 8.9681 E 114
2. ruderal
Germany / Darmstadt 49.8894 N 8.6380 E 127
Germany / Duisburg 51.4827 N 6.7856 E 30
Germany / Halle 51.4811 N 11.9683 E 99
Germany / Cologne 50.9627 N 6.9647 E 46
3. semi-natural
Switzerland / Geneve 46.2083 N 6.1428 E 387
Italy / Merano 44.6666 N 11.1666 E 272
Germany / Sulzbach 48.8630 N 8.3711E 470
Germany / Tettnang 47.6300 N 9.5847 E 447

The seeds were sampled from 5 individuals in each of the twelve populations in winter
2004/2005. In May 2005, seeds were sown in seedling trays filled with a 1:1 mixture of
sand and potting soil. They were placed in a greenhouse with a 12:12 h light/dark cycle
at 21/18°C. In July 2005, 25 plants from each population were repotted into 750 ml pots

with the same substrate mixture.
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The pots were then placed in an unheated greenhouse and watered as needed. In
August 2005, plants were randomly assigned to five groups, with five plants of each
population in each group. The herbicide was applied in different concentrations of the
solution to each group: the recommended application rate (30 mL/L), ¥4 of this dose
(7.5 mL/L), 1/16 (1.88 mL/L) and 1/64 (0.47 mL/L), and distilled water. We sprayed
leaves of the plants until all of them were moistened with the respective solution. After
this treatment, plants were completely randomized on a greenhouse table, maintaining
day/night temperatures as described above. Five weeks after sprinkling with herbicide

or distilled water, we determined the number of survived plants in each treatment.

Analysis

The response of plants to the different glyphosate concentrations was recorded as dead
or alive resulting in a binomial distribution of data. The statistical analysis of mortality
rates was not possible when the effect of populations (nested within habitats) was
included because the model did not converge (neither with proc glimmix nor with proc
genmod; SAS version 9.1). We therefore calculated a reduced model without the
population effect, being aware that this model did not exactly reflect our experimental
design. The reduced model included habitat as factor, log (x+0.1) of glyphosate
concentration as continuous variable, and the habitat x glyphosate interaction which
compares the slope of the dose-response curves between the three habitats (proc
genmod, logit link, binomial error distribution).

To characterize the lethal doses of glyphosate we performed logistic regression
analyses of mortality on glyphosate concentration for each of the twelve populations
separately, and used the intercepts and slopes to calculate LDso and LDsw. We
performed an analysis of variance (ANOVA, proc glm) on these LDso and LD values

followed by Tukey's post hoc test to compare the three habitats.
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Results

Mortality increased significantly with increasing concentration of glyphosate among
B. davidii plants from all three habitats (Figure 1, Table 2). Mortality rate was only
marginally affected at a concentration of 1/64 of the recommended dose (i.e. 0.47 mL/L)
but increased considerably at 1/16 (1.88 mL/L). Already V4 of the recommended dose
(7.5 mL/L) caused virtually 100% mortality among the plants. We found no general
effect of habitat on plant mortality (Table 2), and dose-response curve of plants from

the three habitats were not significantly different (habitat x treatment interaction,

Table 2).
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Figure1l.  Probability of death of Buddleja davidii populations from three different habitats
(railway tracks, ruderal sites and semi-natural sites) in response to glyphosate treatment at five
different concentrations. The logistic regression lines are not significantly different between the
three habitats.
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Table 2. Analysis of deviance for the effects of habitat type and glyphosate concentration on
plant mortality in invasive populations of Buddleja davidii (generalized linear model, logit link,
binomial error, glyphosate concentration logarithmically transformed).

Devianz d.f. X2 p
dose 106.9088 1 306.36 <0.001
habitat 106.7871 2 0.12 0.941
dose x habitat 103.2637 2 3.52 0.172

The lethal doses LDso and LDw, i.e. the two concentrations resulting in 50% and 90%
mortality, were on average 3.24+120mL/L and 4.74+2.19mL/L, respectively
(mean +s.e). It is remarkable that populations from ruderal sites had slightly lower
LDs (2.73+0.56 mL/L, mean+s.e.) and LD« (3.37+0.65mL/L) compared with
populations  from  the other two  habitats (railway  embankments:
LDso=3.73 +0.53 mL/L, LDo=6.09 = 1.17 mL/L; semi-natural habitats:

LDso=3.26 + 0.53 mL/L, LDw=4.75 + 1.49 mL/L). However, these differences were not
significant (F29=0.06, p=0.993, and F:9=1.64, p=0.246, for LDs0 and LDw,

respectively).

Discussion and Conclusion

In our study, we compared invasive Buddleja davidii populations from Europe with
respect to their response to different glyphosate concentrations. We investigated
whether B. davidii is generally susceptible to glyphosate, and whether populations from
railway tracks with a history of glyphosate application have evolved some level of
herbicide resistance compared to populations from other habitat types (seminatural

and ruderal habitats).
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In contrast to our expectation, we did not find significant differences in glyphosate
resistance between populations from the three habitats. Thus, we can not confirm our
hypothesis that plants from railways are less susceptible than plants from other
habitats. Population differentiation in glyphosate resistance or tolerance, respectively,
has been shown for wild populations of Brassica juncea in China (Huangfu et al. 2007),
and Ipomoea purpurea as well as I. hederacea in North America (Baucom & Mauricio
2008). Furthermore, Vila-Aiub et al. (2007) found differences in resistance between
Sorghum halepense populations from glyphosate-treated and glyphosate-free sites in
Argentina. It should be noted that the latter is also an invasive non-indigenous plant in
South America.

One explanation for our result might be a general lack of genetic variation for
herbicide resistance in this species, or at least a lack of such variation in the invasive
populations. Sufficient genetic variation is an important prerequisite for the response
of a population to selection (Falconer & MacKay 1996). The lack of genetic variation in
traits conferring herbicide resistance might be related to the source of the populations:
B. davidii was introduced as an ornamental shrub and thus plant breeders manipulated
native genotypes of the species and bred new cultivars (Albrecht 2004). Therefore, it is
likely that individuals of naturalized populations originated from cultivars planted in
the surrounding area. Even though we do not know the amount of cultivars and
genetic composition with respect to our populations, it is a reasonable assumption that
locally planted cultivars rather than non manipulated genotypes from the native range
induced the spread of B. davidii. Depending on the popularity, probably only few
cultivars have escaped from cultivation in a particular region (Dehnen-Schmutz et al.
2007) resulting in low genetic variation, thus impeding the invasive populations'
response to selection.

A second reason for the lack of glyphosate resistance in railway populations of
B. davidii may reside in the properties of the herbicide itself. Glyphosate is the most
widely used herbicide and considered as a low-risk herbicide, because of its way of
action, chemical structure and the relatively small disappearance time (Heap 1997).

Non-selectively inhibiting enzymatic reactions, this broad-spectrum herbicide may
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effectively aggravate resistance evolvements in plants. This seems convincing
regarding to the small number of plant species that have been revealed to be resistant
to glyphosate (Heap 2007). Until now, only two mechanisms, both inherited as single
gene, nuclear traits, are known, but it is likely that other resistance mechanisms will
become evident (Powles & Preston 2006). This may even include the evolution of
quantitative resistance which has been shown for other herbicides (Neve & Powles
2005). Evolution of herbicide resistance depends in general on the frequency, the
duration and the area of use (Heap 1997, Perez et al. 2004). Thus, it remains possible
that resistance may arise with the increasing reliance of glyphosate (Powles & Preston
2006) and resistant populations than will act as a source of resistant alleles via gene
flow through pollen or seeds. Moreover, it should be noted that our study does not
consider glyphosate tolerance, i.e. the ability of plants to regrow after damage, which is
an alternative to resistance known from a few other plant species (e.g. Baucom &
Mauricio 2008).

Nevertheless, our study shows that glyphosate is still a useful herbicide to
control stands of Buddleja davidii in railway embankments in Germany. Our study
reveals that even a quarter of the recommended dose is sufficient to control B. davidii.
To avoid evolution of herbicide resistance for the long term and considering ecological
risks of herbicides penetrating to the groundwater (Torstensson et al. 2005), we hold the
view, that the application rate should be as low as possible. On the other hand,
application rate should be still high enough to ensure high mortality thus preventing
the evolution of quantitative resistance traits (Neve & Powles 2005). Future studies on
herbicide response of invasive B. davidii populations should include the compensatory
potential after damage, i.e. tolerance (Baucom & Mauricio 2008), and should cover the

whole life cycle using both, greenhouse trials and field investigations (Neve 2007).
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Human activity is one of the world's greatest evolutionary forces (Palumbi 2001) with
impact on ecosystems in various ways: climatic change, alteration in land use,
degradation, isolation and fragmentation of habitats (Vitousek 1990), and changes in
biodiversity by deliberately or accidently introducing non-indigenous species (Mooney
& Cleland 2001, Lee 2002). Although a majority of the species that are introduced fail to
survive, others thrive and become invasive (Williamson & Fitter 1996, Pysek et al.
2004b). Such biological invasions are considered to be a major cause of extinction of
native species throughout the world (Sala et al. 2000). Therefore, scientists focus on the
prevention, eradication and control of invasive organisms. The understanding of
biological invasions and the mechanisms associated with their success is an essential
step in the development of meaningful control measures.

In plants the most conspicuous observation is the different performance of
introduced plant species in the native compared to the invasive range, where they
often grow more vigorously (e.g. Buckley et al. 2003, Prati & Bossdorf 2004, Jakobs et al.
2004). The increased vigour might be due to the absence of their natural enemies
(Maron & Vila 2001, Keane & Crawley 2002). Alternatively, it might be possible that
genetically fixed traits mirror the adaptations to the new environmental factors
(Galloway & Fenster 2000). Such evolutionary changes can be rapid and may explain
why some introduced species become invasive after a lag phase while others do not.
The debate about adaptive evolution of invasive plant species as a possible explanation
for their success has emerged during the last years. Evolution after introduction maybe
caused either by genetic drift or by natural selection exerted by the novel biotic and
abiotic environment (Mack et al. 2000, Leger & Rice 2003, Parker et al. 2003). Hence,
differences in the performance between native and invasive range might be a result of
rapid evolution expressed as increased competitive ability (EICA hypothesis, Blossey &
Notzold 1995). Several studies have already revealed local adaptation in invasive plant
species that are accounting for there invasion success, for example, in Solidago
canadensis (Weber 1997) and S. gigantea (Weber & Schmid 1998) or Impatiens glandulifera
(Kollmann & Banuelos 2004). In this thesis I studied the genetic differentiation and

local adaptation of a perennial shrub, Buddleja davidii (butterfly bush) that is native to
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China yet invasive in West Europe, New Zealand and North America. Introduced to
Europe as an ornamental in the late 1800's, it has been subject to artificial selection in its
invasive range. Therefore comparisons between native and invasive populations of
B. davidii offer excellent opportunities for examining invasion processes.

In the first study (chapter 2) it has turned out that the performance of B. davidii
populations is enhanced in the new range, similar to observations on other species.
Through a comparative approach we confirmed our hypothesis of a better growth and
reproduction of B. davidii in the invasive range. Stems and inflorescences in European
populations were 79% and 23% larger, respectively, in comparison with Chinese
populations. The three subsequent experimental approaches (chapter 3-5) were
conducted to determine reasons for the differences between the naturalized European
(henceforth referred to as the invasive populations) and Chinese (henceforth referred
to as the native populations) populations. On one hand leaf herbivory was
substantially reduced in the invasive populations, which suggests that the escape from
natural enemies may be responsible for increased vigour. On the other hand a more
benign abiotic environment may positively influence the performance in the new
range.

Climate is a primary driver of natural selection in plants (Kawecki & Ebert 2004),
often explaining the distributional ranges of plant species (Woodward & Williams
1987). Adaptive divergence in relation to climatic conditions in the invaded range have
been revealed in several plant species (e.g. Weber & Schmid 1998, Kollmann &
Banuelos 2004, Jakobs et al. 2004). Climatic limitation of distributional ranges and its
overcoming by genetic adaptation may be of particular importance for plant invasions.
To study genetic differentiation with respect to climatic conditions among 20 invasive
populations of B. davidii a common garden experiment was carried out (chapter 3). This
approach was replicated in three different climatic regions within the invasive range
(Basel/Switzerland, = Halle/Germany, Oldenburg/Germany).  Although rarely
implemented, replication across climatic regions studies reveal conclusions more
accurately than a garden study conducted at a single location. We found high genetic

variation in growth and reproduction traits among invasive populations of B. davidii,
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which may be either due to neutral forces such as founder effects or drift, or natural
selection leading to local adaptation. Differentiation in plant traits did not correlate
with geographic distances among populations, indicating that between-population
variation is not likely due to isolation by distance. Plant fitness did not decrease with
increasing geographic distance of the common garden to the respective home site of a
population, and traits of growth and reproduction did not correlate with climatic
characteristics of the populations' home site. These two latter results suggest that
B. davidii populations are not locally adapted to their home environments. In addition
to such correlative studies, local adaptation can also be investigated by reciprocal
transplant experiments. Thus, a reciprocal transplantation was integrated into the
common garden experiment: populations originating from the three cities harbouring
the common gardens were included into the population subset. In contrast to our
hypothesis, we found no significant genotype x environment interaction, again
indicating a lack of local adaptation.

A second study dealing with genetic differentiation and local adaptation focused
on frost as an important climatic factor limiting the distribution of plant species in the
temperate zone (Woodward & Williams 1987). If B. davidii populations are locally
adapted to minimum temperatures, one would expect that populations in sub-
continental climate are less susceptible to frost than populations in oceanic climate. To
test this hypothesis, we investigated frost resistance of plants growing in the common
garden located in the sub-continental region (chapter 4). The study consisted of both,
an experimental approach to local adaptation to minimum temperatures in the
common garden and an ecological niche model to compare distribution of native and
invasive populations of B. davidii. After all, we found significant differences in frost
resistance among populations (population x frost interaction), but these differences
were not related to any climatic variable of their home site, indicating that populations
are not genetically adapted to climatic conditions of their home site within the invasive
range. However, the ecological niche model revealed that invasive B. davidii
populations have not saturated their potential range suggesting that climatic

conditions are not currently limiting the further spread of the species.
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Neither the experiment nor the model confirmed Krivanek and Pysek’s (2006)
assumption of that the current distribution border of B. davidii in Europe, running
between the oceanic and sub-continental climate, is limited by the lack of frost
tolerance.

Already established invasive plants must be managed to minimize their impact
on the ecosystem. The most frequently used method to control plant populations is the
chemical control by herbicides. However, recurrent herbicide application may lead to
evolution of resistance in plants (Powles & Preston 2006). In Europe, Buddleja davidii
often occurs along railways, where it is removed for safety reasons. Since the herbicide
glyphosate is commonly used for this purpose, the question arises to what extent
B. davidii may have evolved resistance to this herbicide. Specifically, we asked, if
populations that invaded railway tracks show an increased resistance compared to
populations from other habitats (chapter 5). We examined twelve B. davidii populations
from three different habitat types: railway embankments, ruderal sites, and semi-
natural habitats. Since the recommended application rate of 30 mL/L resulted in 100%
mortality, it could be concluded that there is no evidence for glyphosate resistance in
B. davidii. Furthermore, comparison of dose-response curves and LDso and LD values
revealed that populations from railway embankments have not evolved increased
resistance to glyphosate so far. Therefore, glyphosate can be considered as an effective
herbicide to be used to control the species.

A major conclusion that can be drawn from all three experimental studies of this
thesis (chapter 3-5) is that we found no evidence for local adaptation in invasive
B. davidii populations. This is in contrast to our expectation and may be due to a lack of
genetic variation which is an important prerequisite for the response of a population to
selection (Falconer & MacKay 1996). We speculate that the pattern of genetic
differentiation among B. davidii populations may rather reflect founder effects. Being a
popular garden plant, the genetic variation of cultivated B. davidii may have been
increased by plant breeding resulting in more than 90 cultivars (Stuart 2006). It is likely
that the cultivars planted in the surrounding area were the seed source for the

naturalized populations included in our studies.
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Furthermore, trade and transport of cultivars across Europe may have lead to a mixing
of B. davidii genotypes and thus, have prevented local adaptation owing to gene-flow
into invasive populations so far. Molecular studies are needed to determine the
amount of genetic variation in invasive B. davidii populations, and the sources (i.e.
which cultivars) that have particularly contributed to the gene pool of these
populations.

The absence of adaptations may also be attributed to the relatively short period
of time that has passed since the invasion of B. davidii in Europe began. Although it has
been demonstrated that evolution in response to recent environmental conditions can
occur within few generations (Davison & Reiling 1995, Thompson 1998, Bone & Farres
2001), the recentness of B. davidii invasion combined with founder effects and
associated bottlenecks at each location has prevented the evolution of local adaptation
thus far. However, the absence of evidence for local adaptation does not exclude rapid
evolution in B. davidii in future. Furthermore, there remains the possible evolution of
glyphosate resistance with the increasing use of herbicides (Powles & Preston 2006).
Resistant populations will than serve as the sources of resistant alleles via gene flow
through pollen or seeds.

Nevertheless, we could clearly demonstrate that the investigated populations of
B. davidii that were included in this research show high phenotypic plasticity that
enables the plants to grow and reproduce under different environmental conditions.
Since other studies found a higher degree of plasticity in invasive than in native
populations (see Bossdorf et al. 2005), the results support the suggestions, that high
phenotypic plasticity is an important feature of successful invaders (Rice & Mack
1991a, Sexton et al. 2002).

In conclusion, Buddleja davidii is a highly invasive species that may cause serious
problems in the invaded range due to its high growth rates, early maturity, high
reproductive output of easily distributed seeds, and tolerance of a broad range of
environmental conditions. The importance of plant breeding for invasion success of
introduced plant species should be watched carefully, and should be considered in

future studies on B. davidii in particular and on cultivated plants in general.
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Overall, the next step should be a prospective monitoring of this plant species and to
explore the effects of artificial selection on B. davidii invasiveness, realizing that, as the
ecological niche model demonstrated, the invasion process is still on-going because the

species has not saturated its potential distribution range.
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Zusammenfassung
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Menschliche Aktivititen haben einen enormen FEinfluss auf okologische und
evolutiondre Prozesse. Diese Einfliisse vollziehen sich innerhalb und zwischen den
Okosystemen auf verschiedenen Ebenen und fiihren zu Anderungen des Klimas und
der Landnutzung, zu Degradation und Fragmentierung von Habitaten und zu einer
Veranderung der Biodiversitit. Ein wichtiger Teilprozess der Anderung der
biologischen Vielfalt ist die absichtliche Einfiihrung oder unbeabsichtigte
Einschleppung nicht-einheimischer Arten. Obwohl die meisten eingefiihrten Arten sich
nicht etablieren, sind doch einige in der Lage im neuen Gebiet zu iiberleben und sich
verstarkt auszubreiten, also invasiv zu werden. Solche biologischen Invasionen gelten
weltweit als eine Hauptursache fiir das Aussterben einheimischer Arten. Deshalb liegt
ein Schwerpunkt der Invasionsbiologie in der Erforschung gebietsfremder Arten, der
Risikoabschatzung ihres Einflusses und der Verhinderung des Einschleppens bzw. der
Beseitigung und der Kontrolle solcher Organismen. Zudem ist es erforderlich,
biologische Invasionen und die damit verbundenen Mechanismen zu verstehen, um
daraus sinnvolle Managementmafinahmen ableiten zu kénnen.

Eine auffallige Beobachtung bei pflanzlichen Invasionen ist das unterschiedliche
Verhalten der Individuen im neuen Areal verglichen mit denen des Heimatareals. Im
neuen Areal scheinen sie oft vitaler zu sein, schneller zu wachsen und eine hohere
Reproduktionsrate aufzuweisen. Dies wird oft auf das Fehlen ihrer natiirlichen Feinde
— der Herbivoren und Pathogene, die hadufig nicht mit in das neue Areal verschleppt
werden — zuriickgefiihrt (Enemy Release Hypothese). Andererseits ist es moglich, dass
genetisch fixierte Merkmale eine Anpassung an die neuen Umweltbedingungen
widerspiegeln. Solche evolutiondren Verdnderungen konnen rasch erfolgen und
erklaren, warum manche eingefiihrten Arten erst nach einer so genannten lag-Phase
invasiv werden und eine erhohte Fitness aufweisen. Generell konnen evolutiondre
Veranderungen bei invasiven Arten durch genetische Drift oder durch natiirliche
Selektion hervorgerufen werden. Im Verlauf der letzten Jahre wurde zunehmend iiber
die adaptive Evolution als Ursache fiir den Invasionserfolg von Pflanzenarten
diskutiert. So kann der Unterschied in der Pflanzenfitness zwischen dem neuen und

den wurspriinglichen Verbreitungsgebiet das Ergebnis einer solcher schnellen
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evolutiondren Verdanderung sein, zB. in Form der Evolution erhohter
Konkurrenzfahigkeit als Antwort auf das Fehlen der natiirlichen Feinde (EICA-
Hypothese). Verschiedene Studien haben bereits nachgewiesen, dass bei invasiven
Pflanzenarten wie zum Beispiel Solidago canadensis (Weber 1997), S. gigantea (Weber &
Schmid 1998) oder Impatiens glandulifera (Kollmann & Banuelos 2004), lokale
Anpassung an die neue Umwelt zum Invasionserfolg beigetragen hat.

In meiner Dissertation habe ich die genetische Differenzierung und lokale
Anpassung einer invasiven Art am Beispiel des Sommerflieders, Buddleja davidii,
untersucht. Dieser aus China stammende Strauch ist in Westeuropa, Neuseeland und
Nordamerika als invasive Art weit verbreitet. Er wurde als Kulturpflanze eingefiihrt
und unterliegt seitdem ziichterischen Veranderungen. Diese Art ist deshalb besonders
geeignet, um Invasionsprozesse ,in Aktion” zu untersuchen.

Die erste, vergleichende Studie (Kapitel 2) zeigte, dass Populationen von
B. davidii im neuen Areal (Deutschland) im Vergleich zu den Populationen im
Heimatareal (China) vitaler sind und bestatigt somit dieses Phanomen auch fiir den
Sommerflieder. Besonders bemerkenswert ist, dass in den europaischen Populationen
die Sprosse um 79% und die Infloreszenzen um 23% langer waren als bei den
chinesischen Populationen.

Die folgenden drei experimentellen Untersuchungen (Kapitel 3-5) beschiftigten
sich mit moglichen Griinden dieser Unterschiede zwischen den beiden Kontinenten.
Auf der einen Seite war die Blattherbivorie in den invasiven Populationen deutlich
reduziert. Dieses Ergebnis deutet — in Ubereinstimmung mit der Enemy-Release-
Hypothese — darauf hin, dass der Verlust an natiirlichen Feinden im neuen Areal fiir
die erhohte Vitalitat der Art im neuen Areal verantwortlich ist. Auf der anderen Seite
konnen glinstigere abiotische Umweltbedingungen das verbesserte Wachstum im
neuen Areal verursacht haben. Das Klima ist eine der Haupttriebkrafte nattirlicher
Selektion und begrenzt haufig die Verbreitungsgebiete von Pflanzenarten. Adaptive
Divergenz in Bezug auf die klimatischen Bedingungen im invasiven Areal wurden

bereits bei verschiedenen Pflanzenarten nachgewiesen. Das Uberwinden klimatischer
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Grenzen mit Hilfe genetischer Anpassung ist vermutlich von grofser Bedeutung fiir
Pflanzeninvasionen.

Um zu iiberpriifen inwieweit dieser Aspekt auf invasive Populationen von
B. davidii in Europa zutrifft, wurde ein so genanntes Common-Garden-Experiment
durchgefiihrt (Kapitel 3). Dieser Ansatz wurde in drei klimatisch verschiedenen
Regionen innerhalb des invasiven Areals wiederholt (Halle und Oldenburg in
Deutschland und Basel in der Schweiz). Bisher wurde diese Form des Experimentes
nur sehr selten durchgefiihrt, obwohl sie eine viel genauere Schlussfolgerung erlaubt
als ein einzelnes Common-Garden-Experiment. Es stellte sich heraus, dass invasive
Populationen von B. davidii genetisch variabel sind, was entweder auf neutrale
Prozesse (wie Griindereffekte und Drift) oder auf natiirliche Selektion zuriickzufiihren
ist. Die Populationsunterschiede korrelierten nicht mit der geographischen Entfernung
zwischen den Herkunftsorten der Populationen. Daraus lasst sich schlussfolgern, dass
die Populationsdifferenzierung nicht allein auf genetische Isolation infolge raumlicher
Distanz zuriickzufiihren ist. Aufierdem korrelierte die Pflanzenfitness nicht mit der
Entfernung des Versuchsgartens zum entsprechenden Herkunftsort, und die
gemessenen Wachstums- und Reproduktionsmerkmale korrelierten nicht mit den
klimatischen Merkmalen des Herkunftsortes. Beides deutet darauf hin, dass sich die
Differenzierung zwischen den B. davidii-Populationen auch nicht auf einer lokalen
Anpassung an ihre jeweilige Umwelt beruht.

Aufler durch solche korrelative Ansdtze kann lokale Anpassung mit Hilfe
reziproker Verpflanzungsexperimente untersucht werden. Deshalb integrierten wir ein
solches Verpflanzungsexperiment in das Common-Garden-Experiment, indem
Nachkommen einer Population aus jeder der Common-Garden-Stidte in die
Populationsauswahl einbezogen wurde. Obwohl genetische Variation zwischen den
Populationen nachgewiesen wurde, gab es keine signifikante Genotyp x Umwelt-
Interaktion, was als weiteres Indiz fiir das Fehlen lokaler Anpassung gewertet werden

muss.
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Eine zweite Studie untersuchte die genetische Differenzierung und die lokale
Anpassung von B. davidii an Frost als einen wichtigen klimatischen Faktor, der die
Verbreitung von Arten in der temperaten Klimazone beschrankt. Es galt zu kldren, ob
Populationen aus sub-kontinentalem Klima weniger frostempfindlich sind als
Populationen aus ozeanischem Klima. Dazu wurde die Frostresistenz jener Pflanzen
untersucht, die gemeinsam in dem im sub-kontinentalen Klima gelegenen Common-
Garden (Halle) wuchsen (Kapitel 4). Diese Studie bestand zum einen aus einem
experimentellen Ansatz, der lokale Anpassung an Minimumtemperaturen testete und
zum anderen aus einem O©kologischen Nischenmodell, um die Verbreitung von
B. davidii im invasiven und nativen Areal zu vergleichen. Die Populationen wiesen
zwar signifikante Unterschiede in ihrer Frostresistenz auf (Population x Frost
Interaktion), diese korrelierten jedoch nicht mit den klimatischen Merkmalen des
Herkunftsortes. Das weist darauf hin, dass die Populationen nicht genetisch an die
klimatischen Bedingungen ihres Herkunftsgebietes innerhalb des invasiven Areals
adaptiert sind. Jedoch zeigte das ©kologische Nischenmodell, dass das potentielle
Verbreitungsgebiet von B. davidii noch nicht vollstaindig ausgefiillt ist. Das legt die
Vermutung nah, dass die zukiinftige Verbreitung nicht durch die klimatischen
Bedingungen begrenzt sein wird. Die Ergebnisse beider Untersuchungen konnten die
Annahme von Krivanek and Pysek (2006) nicht bestdtigen: die gegenwartige, zwischen
dem ozeanischen und subkontinentalem Klima verlaufende Verbreitungsgrenze von B.
davidii in Europa ist offensichtlich nicht auf mangelnde Frostresistenz zuriickzufiihren.

In vielen Fillen ist eine Bekampfung bereits etablierter invasiver Arten oft
notwendig, um ihre Einfliisse auf die Okosysteme zu minimieren. In Europa wichst
B. davidii hauptsachlich an Bahnstrecken, von denen sie aus Sicherheitsgriinden
entfernt werden muss. Am haufigsten werden dazu Herbizide, vor allem Glyphosat
verwendet. Der Einsatz von Herbiziden kann allerdings zur Evolution von Resistenz
fithren. Aufgrund dieser Tatsache ergibt sich die Frage, ob sich bei B. davidii bereits
eine Herbizidresistenz entwickelt hat. Insbesondere galt es herausfinden, ob
Individuen von B.davidii, die entlang von Bahngleisen wachsen, weniger

empfindlicher auf das Herbizid reagieren als Individuen aus anderen Habitaten
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(Kapitel 5). Zu diesem Zweck wurden zwolf Populationen aus drei verschiedenen
Habitattypen (Bahnanlagen, Ruderalstellen und halbnatiirliche Habitate) in einem
Gewaichshausexperiment auf ihre Glyphosat-Resistenz untersucht. Eine 100% ige
Mortalitdt bei der Anwendung der empfohlenen Dosis von 30 mL/L verdeutlichte das
Fehlen der erwarteten Glyphosat-Resistenz. Des Weiteren zeigte ein Vergleich der
Dosis-Antwort-Kurven und der LDso- sowie der LDs-Werte (d.h., der letalen Dosis, bei
der 50% bzw. 90% der Pflanzen sterben), dass Populationen der Bahnanlagen keine
erhohte Resistenz entwickelt haben. Deshalb kann Glyphosat weiterhin als effektives
Herbizid fiir die Kontrolle dieser Pflanzenart betrachtet werden.

Aus diesen drei experimentellen Untersuchungen kann zusammenfassend
geschlussfolgert werden, dass es entgegen der urspriinglichen Erwartungen keine
lokale Anpassung in invasiven Populationen von B. davidii gibt. Unzureichende
genetische  Variation, als grundlegende Voraussetzung fiir evolutiondre
Veranderungen, konnte eine Ursache dafiir sein. Es ist anzunehmen, dass das Muster
genetischer Differenzierung zwischen den Populationen von B. davidii vielmehr
Griindereffekte widerspiegelt.

Die Beliebtheit als Zierpflanze fithrte dazu, dass heute 70 verschiedene Kultivare
von B. davidii im Handel sind. Es ist daher sehr wahrscheinlich, dass die Individuen
der invasiven Populationen von denjenigen Kultivaren abstammen, die in der
unmittelbaren Umgebung angepflanzt wurden. Ferner fiihrten Handel und Transport
dieser Kultivare zu einer Durchmischung der Genotypen von B. davidii quer durch
Europa. Durch Genfluss von diesen kultivierten Bestinden in die invasiven
Populationen konnte eine Anpassung an lokale Bedingungen bisher verhindert
worden sein. Zukiinftige molekulare Studien sollten die genetische Variation in
invasiven Populationen quantifizieren, und herausfinden, welche Kultivare besonders
zum Genpool dieser Populationen beigetragen haben. Des Weiteren kann der kurze
Zeitraum seit der ersten erfolgreichen Ausbreitung im neuen Areal das Fehlen von
Adaptationen begriinden. Bei anderen Arten konnte bereits gezeigt werden, dass
Anpassungen an bestehende Umweltbedingungen innerhalb weniger Generationen

erfolgen konnen. Jedoch scheint der kurze Zeitraum im Zusammenspiel mit
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Griindereffekten und dem damit verbundenen genetischen Flaschenhals an jedem
Standort eine lokale Anpassung bei B. davidii verhindert zu haben. Dennoch schliefst
die gegenwartige Abwesenheit von lokalen Anpassungen, eine schnelle adaptive
Evolution in Zukunft nicht aus. Aulerdem besteht weiterhin das Risiko, dass B. davidii
mit dem weiteren einseitigen Gebrauch von Glyphosat letztendlich doch Resistenzen
entwickelt. Solche Populationen dienen dann als Quelle resistenter Gene, die sich
durch Pollen oder Samen weiter verbreiten konnen.

Die im Rahmen meiner Dissertation durchgefithrten Untersuchungen
verdeutlichen, dass die invasiven Populationen von B. davidii eine hohe phanotypische
Plastizitat aufweisen. Dadurch wird es den Pflanzen offenbar ermdglicht, unter
verschiedenen Umweltbedingungen zu wachsen und sich zu reproduzieren. Auch
andere Studien belegten bereits ein erhohtes Mafi an phénotypischer Plastizitdt in
invasiven Populationen im Vergleich zu nativen Populationen. Die Ergebnisse der
vorliegenden Untersuchungen bestdtigen, dass phanotypische Plastizitat eine wichtige
Eigenschaft eines erfolgreichen Eindringlings wie B. davidii ist.

Buddleja davidii bleibt aufgrund ihrer hohen Wachstumsrate, ihrer schnellen
Entwicklung zur Fruchtreife, der hohen Samenproduktion und den geringen
Anspriichen an ihre Umweltbedingungen, eine Pflanzenart mit hohem
Invasionspotenzial. Damit verbunden besteht auch weiterhin die Gefahr, einheimische
Arten zu verdrangen bzw. Interaktionen zwischen den verschiedenen trophischen
Stufen zu beeinflussen. Die Bedeutung der Pflanzenzucht fiir den Invasionserfolg
eingefithrter Pflanzenarten sollte nicht unterschatzt werden, sondern sorgfaltig
beobachtet und in zukiinftigen Untersuchungen von B.davidii bzw. anderer
kultivierter Pflanzenarten unbedingt beriicksichtigt werden. Ein vorausblickendes
Monitoring dieser Pflanzenart und weitere Untersuchungen zum Einfluss
ziichterischer Selektion auf die Invasibilitit sind weitere wichtige Schritte zum
Verstandnis des Invasionsprozesses des Sommerflieders. Da B. davidii ihr potentielles
klimatisches Verbreitungsgebiet innerhalb des neuen Areals noch nicht vollstindig
ausgefiillt hat, ist anzunehmen, dass der Invasionsprozess zukiinftig fortschreiten

wird.
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