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SUMMARY  
 

Non-native plant species have the potential to affect an ecosystem by changing 

species diversity, community structure and interactions among organisms. It is 

therefore important to understand potential mechanisms that contribute to the 

success of invasive plants. In the context of my PhD thesis, I examined the effect of 

the invasive annual herb I. glandulifera on mycorrhizal, plant and invertebrate 

diversity in a deciduous forest near Basel (Switzerland). I also studied the potential 

mechanism that could contribute to the success of I. glandulifera. A controlled field 

experiment was set up in three forest areas that were affected to a different extend 

(little, moderatly, high) by a former wind storm. In each area, three different plot types 

were installed: plots invaded by I. glandulifera, plots from which the invasive plants 

had been manually removed and plots which were no yet colonized by the invasive 

plant. The results of my thesis demonstrate that I. glandulifera affects above and as 

well as belowground organisms and has the potential to change soil conditions.  

Aboveground gastropod richness and abundance were found to be higher in 

invaded plots than in control plots. The presence of I. glandulifera also altered the 

composition of gastropod species. Belowground fewer types of ectomycorrhiza were 

found on root systems of F. sylvatica saplings. Moreover, in plots with I. glandulifera 

the composition of ectomycorrhiza morphotypes was shifted. Considering 

mycorrhizal colonisation on fine roots saplings of both tree species, the presence of 

the invasive plant resulted in a reduction of ectomycorrhizal colonisation of F. 

sylvatica saplings and of arbuscular mycorrhiza colonisation on A. pseudoplatanus. 

Thus, disruption of mycorrhizal symbiosis probably led to a lower biomass and 

survival rate in saplings of both species grown in invaded plots. Additional results 

showed that soil moisture, soil pH, available phosphorus and microbial activity were 

increased in invaded plots.  

Increased gastropods abundance and richness could be explained by higher 

soil moistures and damped soil temperature in invaded plots. However, measured 

changes in soil conditions did not affect mycorrhizal colonisation and performance of 

both sapling species. Therefore allelopatic effects of I. glandulifera on mycorrhizal 

symbioses were also examined. Allelopatic compounds are known to contribute to 

the spread of some invasive plant species and can disrupt mycorrhizal symbiosis. I 

identified the allelopathic compound 2-methoxy-1,4-naphtoquinone (2-MNQ) in plant 

organs of I. glandulifera, in soil of its proximity and in rain water rinsed from its 

leaves. Specific bioassays using shoot and root extracts of I. glandulifera as well as 
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synthetic 2-MNQ revealed strong inhibitory effects on mycelium growth of 

ectomycorrhiza fungi and on the germination of native forest herbs. This finding 

indicates that the release of 2-MNQ may contribute to the invasion success of I. 

glandulifera. 

Health, function and diversity of forest ecosystems are closely linked to the 

abundance and richness of mycorrhizal fungi. This study demonstrates that the 

spread I. glandulifera into deciduous forest ecosystem resulted in lower mycorrhizal 

colonisation of saplings. Thus, forest regeneration might be strongly affected by I. 

glandulifera. Moreover, changes in soil chemistry and soil conditions induced by I. 

glandulifera caused shifts in above- and belowground communities. Therefore 

ecosystem services and functions of forest habitats can be affected. Removal or 

stopping the preceding spread of I. glandulifera may be an investment for the 

conservation of native species and may prevent potential losses in timber production. 
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GENERAL INTRODUCTION 
 

The intentional and unintentional introduction of non-native species is considered as 

a major threat for the native biodiversity (Pimentel et al. 2005, Lambdon et al. 2008). 

Non-native plant species have the potential to affect an ecosystem by changing 

species diversity, community structure and interactions among organisms (Mooney 

and Hobbs 2000, Kourtev et al. 2002). There is a rapidly increasing number of 

studies documenting the spread and expansion of non-native species into different 

habitats, whereas quantitative assessments of their impacts on biodiversity are 

lagging behind (Pysek et al 2012). Mechanisms and pathways that contribute to the 

success of invasive species and provide advantages against native species are still 

poorly studied for many invasive plants. However, a variety of hypotheses have been 

proposed to explain the invasiveness of non-native plants (e.g. Bloessey and 

Notzodle 1995; Davis et al. 2000; Bakker and Wilson 2001; Keane and Crawley 

2002).  

The present doctoral study focuses on following three hypotheses. The first 

hypothesis considers that disturbance as key factor facilitates the invasion of non-

native species into new habitats (Elton 1958, D’Antonio et al. 1999, Hierro et al. 

2006, Lockwood et al. 2007). Environmental disturbance is usually assumed to 

change ecosystem properties providing opportunities for non-native species to 

invade a new area. The second hypothesis supposes that mechanisms changing the 

composition and abundance of microbial soil organism increase the success of some 

invasive plant species (Richardson et al. 2000, Reinhart and Callaway 2006). More 

specific, invasive plants are able to modify symbiotic interactions between microbial 

soil organisms and native host plants to their own advantage in the introduced 

habitats (Rudgers and Orr 2009, Weidenhamer and Callaway 2010). The third 

hypothesis is the novel weapon hypothesis. It assumes that some invasive plant 

species produce secondary metabolites that are novel in their non-native ranges. 

This novelty may provide advantages to the invasive in interactions with naive plants, 

microbes or generalist herbivores (Callaway and Ridenour, 2004; Inderjit et al. 2011). 

In the past decade, the non-native plant I. glandulifera increasingly invaded 

deciduous and coniferous forests disturbed by wind throws and/or intensive forest 

management (Nobis 2008). I. glandulifera is native in the western Himalaya and was 

introduced as a garden ornamental plant to Europe and North America in the middle 

of the 19th century (Beerling and Perrins 1993). It became naturalized and invasive 

in riparian and disturbed habitats (Hejda and Pysek 2006), and later also in disturbed 
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forest areas. The presence of I. glandulifera causes slight changes in the cover of 

native plant species and shifts in the species composition in riparian habitats (Maule 

et al. 2000, Hejda and Pysek 2006). Field studies showed that I. glandulifera 

successfully competes with native plants for pollinators, which can lead to a reduced 

plant fitness (Chittka and Schurkens 2001). Aqueous shoot extracts of flowering I. 

glandulifera inhibit germination success and root length of Leucinapis alba and 

Brassica napis (Vrchotova et al. 2011). Few studies indicated that I. glandulifera has 

allopathic potential contributing to its success (Scharfy et al. 2011). However, the 

potential impact of I. glandulifera on native biodiversity in forest habitats and the 

general mechanisms that contribute to its invasion success are not known.  

 I investigated effects of I. glandulifera on native forest diversity in a mixed 

deciduous forest 15 km south of Basel, northern Switzerland. I choose three forest 

areas that were little, moderately and heavily disturbed by the windstorm “Lothar” in 

1999. The invasive plant I. glandulifera started to invade the forest, in spring 2000 

shortly after the windstorm. Eight years later, I selected homogenous patches of I. 

glandulifera in the three areas. I installed pairs of plots with similar I. glandulifera 

cover. One of the two plots was left invaded by I. glandulifera. In the other plot all I. 

glandulifera individuals were removed by hand every spring over 4 years. As an 

additional control, control plots that were not yet invaded by I. glandulifera were 

selected in close proximity to the experimental plots in each area. This allowed me to 

control for the slight mechanical disturbance of the soil by removing I. glandulifera. 

To prevent colonisation of I. glandulifera in the not yet invaded plots, we removed all 

invasive plants growing in close proximity to these plots. The additional control plots 

did not differ in soil characteristics and were colonised by the invasive plant in 

summer 2012 when the experiments were finished. 

 

FOCUS OF THE STUDY 

 

The aims of this study were (1) to examine impacts of I. glandulifera on 

mycorrhizal, plant and invertebrate diversity, and (2) to study the potential 

mechanisms that could contribute to the invasion success of I. glandulifera. In mixed 

deciduous forests, terrestrial gastropods play an important role as detritivores of leaf 

litter and senescent plants, and – to a minor extent – as herbivores (Mason, 1970; 

Wallwork, 1976). In general, terrestrial gastropod communities react sensitive to 

disturbance and related changes in environmental conditions, including soil pH, soil 

moisture and calcium carbonate in the upper soil layer as well as the 

presence/absence of structural elements like woody debris (e.g. Stoll et al., 2009; 
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Kappes et al., 2009). These factors might be important for shell growth and 

reproduction in various species (Wäreborn, 1979). Therefore, gastropods are ideal 

indicators for changes in habitat conditions. Chapter 1 shows the results of a 

controlled field experiment aiming to examine whether the invasion of I. glandulifera 

alters gastropod abundance, species richness and the native gastropod community 

of a mixed deciduous forest which had been disturbed by a wind throw and therefore 

facilitated the invasion of I. glandulifera. The following studies focused on fungal soil 

diversity and their beneficial association with host plants. Like gastropods diversity, 

mycorrhizal fungi are indicators of changes in soil conditions, because they interact 

directly with plants. The roots of many plant species develop associations with 

particular soil fungi. Symbiosis with mycorrhizal fungi increases both the soil nutrient 

and water uptake of the host plant, strengthens pathogen resistance and protects the 

host plant during drought (Smith and Read 2008). The mycorrhizal symbiosis is a key 

factor determining the diversity of plant communities, their succession dynamics as 

well as the transport of resources within the ecosystem (Allen 1991, Smith and Read 

2009, Johnson et al. 2012). Further, health and function of forest ecosystems are 

closely linked to abundance and richness of mycorrhizal fungi (Smith and Read, 

2008). Therefore, I examined whether the invasion of I. glandulifera affected the 

symbiotic association of young native forest trees and mycorrhizal fungi in a 

controlled field experiment. Chapter 2 focused of the abundance of the arbuscular 

mycorrhiza associated with Acer pseudoplatanus saplings, whereas in Chapter 3 the 

focus was on the abundance and morphotypes richness of ectomycorrhizal fungi that 

were associated with Fagus sylvatica saplings. Because performance (survival and 

biomass) of both saplings species were closely linked to abundance of mycorrhizal 

fungi, I also examined performance of the saplings. 

Previous studies showed that some invasive plant species invading natural 

communities have the potential to disrupt the mycorrhizal symbiosis with host plants 

(Mummey and Rillig 2006, Wolfe and Klironomas 2008, Rudgers and Orr 2009). In 

this context allelopathy and the novel weapon hypothesis were frequently discussed. 

In plant tissues of I. glandulifera, naphthoquinones have been identified. 

Naphthoquinones are known as secondary plant metabolites that could affect soil 

microbes, fungi and plants in their neighbourhood. In Chapter 4 I examined the 

naphthoquinone content in different plant organs of I. glandulifera, in buried resin 

bags of invaded soils and in rainwater dripping from leaves of the invasive plant. The 

allelopathic potential of aqueous extracts of the invasive plant on native forest plant 

species and ectomycorrhzal fungi was measured. Therefore, this study contributes to 

our understanding of how chemical defence can increases success of I. glandulifera. 
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a b s t r a c t

Invasive species can have far-reaching impacts on ecosystems. Invasive plants may be able to change
habitat structure and quality. We conducted a field experiment to examine whether the invasive plant
Impatiens glandulifera affects native terrestrial gastropods. We also evaluated whether the invasive plant
alters forest soil characteristics and microclimate which in turn may influence gastropod abundance. We
sampled gastropods in plots installed in patches of I. glandulifera, in plots in which I. glandulifera was
regularly removed by hand, and in control plots which were not yet colonized by the invasive plant. The
three types of plots were equally distributed over three mixed deciduous forest areas that were slightly,
moderately or heavily affected by a wind throw 11 years ago. A total of 33 gastropod species were
recorded. Gastropod species richness was not affected by delayed effects of the wind throw, but it was
significantly higher in invaded plots than in uninvaded plots. Similarly, gastropod abundance was higher
in invaded plots than in the two types of control plots. Canonical correspondence analysis revealed
marginally significant shifts of gastropod communities between the three types of plots and indicated
that soil moisture, presence of I. glandulifera and cover of woody debris affected gastropod species
composition. Field measurements showed that soil moisture was higher and daily soil temperature was
more damped in patches of I. glandulifera than in the native ground vegetation. The changed microcli-
matic conditions may favour certain gastropod species. In particular, ubiquitous species and species with
a high inundation tolerance increased in abundance in plots invaded by I. glandulifera. Our field exper-
iment demonstrated that an invasive plant can indirectly affect native organisms by changing soil
characteristics and microclimate.

! 2012 Elsevier Masson SAS. All rights reserved.

1. Introduction

The intentional and unintentional introduction of non-native
species is considered as a major threat for the native biodiversity
(Pejchar and Mooney, 2009). There is a rapidly increasing number
of studies documenting the spread and expansion of non-native
species into different habitats, whereas quantitative assessments
of their impacts on biodiversity are lagging behind (Pysek et al.,
2012). This is especially true for the potential impact on certain
invertebrates groups as well as on detritivores responsible for
important ecosystems services and functions.

Impatiens glandulifera, native in the western Himalaya, was
introduced as garden ornamental plant to Europa and North
America in the middle of the 19th century (Beerling and Perrins,
1993). It became naturalized and invasive in riparian and

disturbed habitats (Hejda and Pysek, 2006). Disturbance is
considered as a key factor that facilitates the invasion of non-native
species into various habitats (Lookwood et al., 2007). In the last
decade, I. glandulifera has increasingly invaded deciduous and
coniferous forests disturbed bywind throws and/or intensive forest
management (Nobis, 2008). I. glandulifera is one of the 100 worst
alien species in Europe (DAISIE, 2012). Relatively few studies
investigated the potential impact of I. glandulifera on native plant
and animal communities. The presence of I. glandulifera causes
slight changes in the cover of plant species and shifts in the species
composition in riparian habitats (Maule et al., 2000; Hejda and
Pysek, 2006). However, compared with other invasive plants (e.g.
Fallopia japonica, Solidago gigantea), the effects of I. glandulifera on
native plant communities are relatively small (Hejda et al., 2009).
Field studies showed that I. glandulifera competes successfully with
native plants for pollinators, which could lead to a reduced plant
fitness (Chittka and Schurkens, 2001). Potential effects of
I. glandulifera on other invertebrates groups have so far not been
investigated.

* Corresponding author. Tel.: þ41 61 267 08 51; fax: þ41 61 267 08 32.
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In temperate forest, terrestrial gastropods play an important
role as detritivores of leaf litter and senescent plants, and e to
a minor extent e as herbivores (Mason, 1970; Wallwork, 1976).
Changes in the gastropod community may affect species with
different feeding habits in a different way and thus influence
decomposition processes in forests changing this ecosystem func-
tion. Gastropods do not feed on fresh plant tissue of I. glandulifera
but on its senescent leaves and on cotyledons (B. Baur, unpubl.
data). The biomass of various plant species is reduced in dense
patches of I. glandulifera, while the leaf litter layer remains. As most
small-sized forest gastropods are living in leaf litter (Kerney et al.,
1983) feeding on algae, fungi and senescent plant material
(Frömming, 1954), we expected that small snail species occur more
frequently in I. glandulifera patches than species with large shells.
Furthermore, we expected that habitat generalists and species with
a high inundation tolerance are less influenced by the invasive
plant than habitat specialists with a low inundation tolerance
(Bengtsson and Baur, 1993).

Terrestrial gastropod communities react sensitive to distur-
bance and related changes in environmental conditions, including
soil pH, soil moisture and calcium carbonate in the upper soil layer
and to the presence/absence of structural elements like woody
debris (e.g. Stoll et al., 2009; Kappes et al., 2009). These factors
might be important for shell growth and reproduction in various
species (Wäreborn, 1979). Because invasion of plants is frequently
facilitated by disturbance and gastropods have a limited mobility
(Baur and Baur, 1993), we expect that the effect of I. glandulifera on
gastropod communities is more pronounced in highly disturbed
forest areas than in little disturbed areas.

The majority of studies investigating effects of invasive species
are field surveys comparing invaded areas with uninvaded ones.
Interpretations of their findings should be made with caution
because of uncontrolled factors and historical events. Controlled
field experiments with a removal of the invasive species are a most
valuable and complementary approach. However, such field
experiments are still rare in invasion ecology (Hulme and Bremner,
2006; Lopezaraiza-Mikel et al., 2007; Nienhuis et al., 2009).

We designed a controlled field experiment to examine whether
the invasion of I. glandulifera alters the native gastropod commu-
nity of a mixed deciduous forest which had been disturbed by
a wind throw. We set up experimental plots in patches of I. glan-
dulifera, in patches in which the invasive plant was regularly
removed by hand, and in plots in neighbouring areas not yet
colonized by the plant. The three plot types were equally distrib-
uted over three forest areas that were slightly, moderately and
heavily affected by a wind throw 11 years ago, representing
a natural gradient of disturbance. We examined the terrestrial
gastropod communities in the different plots and compared the

life-history traits of the occurring species to answer the following
questions: (1) Does the invasion of I. glandulifera affect the species
richness and abundance of terrestrial gastropods? (2) Does the
presence of I. glandulifera alter the species composition of the
gastropod community? and (3) Are gastropods species with
particular life-history traits (shell size, inundation tolerance and
habitat specifity) or a combination of these traits more severely
affected by the invasion of I. glandulifera than species with other
traits?

2. Material and methods

2.1. Study system and field experiment

The experiment was carried out in a mixed deciduous forest
dominated by Fagus sylvatica 15 km south of Basel, northern
Switzerland (47!430 N, 7!550 E). In this region the annual temper-
ature averages 9.6 !C and the annual precipitation is 1021 mm
(Meteo Swiss, 2009). We selected study plots in three areas (each
measuring 50 m " 180 m), which were differently affected by the
windstorm Lothar in 1999. We estimated the disturbance intensity
of the storm by assessing the canopy closure of the remaining forest
trees in the three areas 8 years after the event. We defined the first
area with a canopy closure of 80% as slightly disturbed, the second
with a canopy cover of 50% as moderately disturbed, and the third
with a canopy closure of 2.5% as heavily disturbed (Table 1). The
three areas were situated within 1 km2. I. glandulifera started to
invade the forest shortly after the storm.

In spring 2008, we selected six homogenous patches of
I. glandulifera in each area and installed two 5 m " 5 m plots with
similar I. glandulifera cover in each patch adjacent to each other. In
one of the two plots we removed all I. glandulifera individuals by
hand (hereafter referred to as removed) every spring in the years
2008e2010. The other plot was left invaded by I. glandulifera
(hereafter referred to as invaded). As an additional control, we
selected six 5 m " 5 m control plots that were not yet invaded by
I. glandulifera in close proximity (7e20m) to the experimental plots
in each area (referred to as uninvaded). To prevent so far uninvaded
plots from the colonisation of I. glandulifera, we removed all indi-
viduals occurring close to these plots in spring 2010. In 2012, two
years after the present study, most of formerly uninvaded plots
were colonized by I. glandulifera. In our experiment, the uninvaded
plots allowed to examine the potential effect of manual removal of
I. glandulifera in that treatment. Furthermore, the uninvaded plots
allowed an assessment of the gastropods community in disturbed,
but not yet invaded forest areas. Finally, the uninvaded plots
allowed to check whether the invasion of I. glandulifera changed
soil characteristics. It is assumed that the different plots situated in

Table 1
Environmental characteristics of the three study areas that were differently disturbed by a windstorm. P and F-values resulting from ANCOVA indicating differences between
study areas are shown.

Intensity of disturbance ANCOVA

Low Moderate High F P

Canopy closure (%)a 80 (50e80) 50 (50e70) 2.5 (0e10) e e

Forest vegetation typeb Galio oderati-Fagetum
luzuletosum

Luzulo sylvaticae-Fagetum
typicum

Galio oderati-Fagetum
luzuletosum

e e

Soil typec Eutric haplic luvisol Haplic luvisol Gleyic cambisol e e

Density of I. glandulifera (m#2)d 203.3 $ 34.0 179.2 $ 14.6 215.3 $ 25.6 0.20 0.659
Biomass of I. glandulifera (gm#2)d 237.9 $ 58.1 243.7 $ 54.9 118.9 $ 28.8 3.46 0.085

Mean values $ SE, n ¼ 18 plots for each intensity of disturbance.
a Median and range.
b Burnand and Hasspacher (1999).
c Walthert et al. (2004).
d n ¼ 6.

R. Ruckli et al. / Acta Oecologica 47 (2013) 16e23 17



close proximity did not differ in soil characteristics prior to the
invasion of I. glandulifera. Thus, the experimental set-up consisted
of 54 plots (18 removed, 18 invaded and 18 uninvaded) equally
distributed over the three areas, which were differently affected by
the storm.

2.2. Data collection

Two methods were applied to assess the effect of I. glandulifera
on species richness and relative abundance of terrestrial gastro-
pods. First, we visually searched for living gastropods and empty
shells in each plot for 15min. The visual searchwas restricted to the
morning (between 08:00 and 11:00 a.m.) to minimize variation in
finding success due to daytime-related gastropod activity. Second,
we collected soil and litter samples including dead plant material at
randomly chosen spots in each sampling plot (0.5 L soil per plot).
The soil samples were dried at 60 !C for 24 h. Then, samples were
put through sieves with decreasing mesh sizes of 2, 1 and 0.2 mm
and later examined under a binocular microscope. Gastropod shells
were sorted out of the samples and identified according to Kerney
et al. (1983). To minimize edge effects, this survey was restricted to
a 2 m " 2 m subplot installed in the centre of each plot. Gastropod
surveys were conducted from 3 to 14 June and repeated from 9 to
20 September 2010, resulting in a total searching time of 30 min
and a soil and litter sample of 1 L per plot.

Wemeasured the soil temperature at a depth of 5 cm innine plots
(three invaded, three removed and three uninvaded equally distrib-
uted over the three areas) during the periods of gastropod sampling
usingTinytalk temperature loggers (GeminiDataLoggers, Chichester,
UK). Temperature was recordered at intervals of 3 h. We estimated
the cover of the ground vegetation (excluding I. glandulifera) and the
cover of woody debris in each 2 m " 2 m subplot using the Domin
scale (Mueller-Dombois and Ellenberg, 2002) at the end of
September 2010. In invaded plots, we counted the number of
I. glandulifera individuals. We also assessed the biomass (dry weight
including roots) of I. glanduliferaby removing all plants fromsubplots
measuring 0.25 m2 at the end of September 2010.

We removed the leaf litter layer and collected five soil samples
to a depth of 5 cm using a metal cylinder of 5 cm diameter (soil
volume 100 cm3). The soil samples were taken at distances of
20 cm along a line in each plot. The five soil samples collected in
each plot were pooled and mixed, resulting in a total of 54
samples. We determined soil moisture (%) using the fresh weight
to dry weight ratio. Soil pH was assessed in distilled water (1:2.5
soil:water; Grimshaw, 1989). We determined total soil organic
matter content (SOM) as loss-on-ignition of oven-dried soil at
700 !C for 23 h (Grimshaw, 1989). Calcium carbonate content
(CaCO3, in %) was assessed by adding hydrochloric acid (10 ml HCL)
and back titration with sodium hydroxide (NaOH; Nelson and
Sommers, 1996).

2.3. Gastropod characteristics

To examine whether gastropod species with different habitat
specificity were differentially affected by the presence of
I. glandulifera, we assigned all snail species to one of the following
categories: open-land (species exclusively occurring in open
habitat), forest (species mainly found in forests) or ubiquitous
species (species found in different types of habitats) following
Kerney et al. (1983) and Falkner et al. (2001) (see Appendix 1).
Similarly, species-specific data on inundation tolerance (low,
moderate or high), adult shell size (small: shell height or
breadth < 5.0 mm; large: shell high or breadth # 5.0 mm), age at
sexual maturity (1: <1 year; 2: 1 year; 3: >1 year) and longevity
(<2 years or#2 years) were extracted from Kerney et al. (1983) and
Falkner et al. (2001). Data on egg size and clutch size were obtained
from Bengtsson and Baur (1993) and B. Baur (unpubl. data).

2.4. Statistical analyses

We used R statistic (R Development Core Team, 2010; version
2.12.1) for all analyses. Preliminary analyses showed that the
gastropoddata fromthe twosamplingperiods (June/September)did
not differ. We therefore combined the data for further analyses. To
examine the effect of I. glandulifera on environmental characteristics
(soil moisture, soil pH, soil organic matter, calcium carbonate
content, ground plant cover and cover of woody debris) we used
analyses of covariance (ANCOVA) with treatment (invaded,
removed, uninvaded) as factor and disturbance (expressed as
canopy cover) as cofactor. To examine the effect of I. glandulifera on
gastropod species richness and diversity, we used analyses of
covariance (ANCOVA) with plot and treatment as factors and
disturbance, soil moisture, soil pH, soil organic matter, concentra-
tion of calcium carbonate, ground plant cover and cover of woody
debris as cofactors (Table 3). Tukey HSD tests were used to examine
differences between treatments.We used the same ANCOVA-model
to examine whether the invasion of I. glandulifera influences the
abundance of gastropods. The statistical models were stepwise
reduced as recommended by Crawley (2007). All interactions were
non-significant. If necessary data were square root-transformed to
obtain normally distributed residuals and homogeneous group
variances. Individual-based rarefaction curveswere calculatedusing
thepackage vegan (RDevelopment Core Team, 2010; version2.12.1).

Canonical correspondence analysis (CCA) was applied to
examine gastropod community composition in relation to envi-
ronmental variation using CANOCO version 4.5 (ter Braak and
Smilauer, 2002). To identify environmental variation related to
different treatments, presence or absence of I. glandulifera and the
cover of ground vegetation and soil characteristics were considered
in the CCA. We used the entire dataset including all gastropod
species recorded in the CCA with biplot scaling. Monte-Carlo

Table 2
Environmental characteristics of the three types of plots (invaded, invasive plant removed, uninvaded). P and F-values resulting from ANCOVA’s indicating differences between
the different treatments and disturbance intensities (corresponding figures are shown in Appendix B (Fig. B1)).

Treatments ANCOVA

Invaded Removed Uninvaded Treatment Disturbance

F P F P

Soil moisture (%) 31.6 $ 0.9 25.7 $ 1.1 21.2 $ 0.8 9.38 <0.0001 70.43 <0.0001
Ground plant cover (%) 83 $ 3 68 $ 5 73 $ 4 1.17 0.316 4.12 0.047
Soil pH 4.7 $ 0.05 4.6 $ 0.07 4.7 $ 0.04 0.86 0.427 0.06 0.802
Total soil organic matter (%) 18.0 $ 1.0 16.9 $ 1.1 12.8 $ 0.6 1.08 0.349 15.31 <0.0001
CaCO3 (%) 3.6 $ 0.02 3.7 $ 0.03 3.6 $ 0.03 1.04 0.360 0.67 0.417
Woody debris cover (%) 35.8 $ 1.4 10.6 $ 1.4 13.1 $ 1.7 14.37 <0.0001 62.24 <0.0001

Mean values $ SE, n ¼ 18 plots for each intensity of disturbance.
Significant P-values (<0.05) are indicated in bold.
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permutation tests (499 permutations) were conducted to evaluate
the significance of the environmental variables. The obtained
additional (lambda A) and absolute effects (lambda B) for each
environmental variable estimated the likelihood that the environ-
mental variables affected the composition of gastropods species.
We applied an one-way ANOVA to examine whether the gastropod
communities sampled in plots of three different treatments could
be separated by scores obtained from the CCA analysis.

Correlation analysis showed that shell size, age at sexual
maturity, longevity, egg size and clutch size were all intercorrelated
(in all cases, P < 0.001). Consequently, shell size can be considered
as surrogate for the other life-history traits. We applied contin-
gency table tests to evaluate differences in the proportion of
gastropod species and individuals showing different habitat spec-
ificity, inundation tolerance and different life-history traits
including age at sexual maturity and longevity between the treat-
ments (invaded, removed, uninvaded).

3. Results

3.1. Environmental characteristics

Soil moisture was 12e18% higher in plots invaded by
I. glandulifera and in plots in which the invasive plant was
removed than in uninvaded plots (Table 2). Similarly, the cover of

woody debris was higher in plots invaded by I. glandulifera and in
plots in which the invasive plant was removed than in uninvaded
plots (Table 2). Soil temperature in the sampling periods in June
and September 2010 was 2e5 !C lower in invaded plots than
both in plots in which the plant was removed and in uninvaded
plots (Fig. 1). In contrast, the cover of ground vegetation, soil pH,
soil organic matter and concentration of calcium carbonate did
not differ among invaded plots, plots in which the invasive plant
has been removed and uninvaded plots (in all cases, P > 0.3,
Table 2). There was no interaction between treatment and
intensity of disturbance in any of the habitat characteristics
examined.

3.2. Gastropod species richness, abundance and diversity

A total of 33 gastropod species were recorded, 31 of them in
invaded plots, 25 in removed and 24 in uninvaded plots (Appendix
A). Gastropod species richness was not affected by canopy closure
(intensity of disturbance; Table 3). However, gastropod species
richness was significantly higher in invaded plots than in unin-
vaded plots (Table 3, Fig. 2). Furthermore, independent of treat-
ment, gastropod richness increased with increasing soil pH
(Table 3). Rarefaction curves indicate that the higher species rich-
ness in invaded plots resulted from the higher number of gastro-
pods sampled in this plot type.

Fig. 1. Soil temperature during the two sampling periods in invaded plots, in plots with removed I. glandulifera, and in uninvaded plots in slightly, moderately, and highly disturbed
forest areas. Soil temperature was recorded at intervals of 3 h. Mean values of three data loggers are shown in each case.

Table 3
Summary of ANCOVA’s testing the effects of disturbance (area), treatment (invaded, removed and uninvaded), plot, cover of plant and woody debris and different soil
characteristics on species richness, abundance and diversity of gastropods.

Richness Abundance Fisher’s alpha

df F P df F P df F P

Intensity of disturbance 1,32 0.13 0.72 1,29 15.89 <0.001 1,33 12.26 0.001
Treatment 2,32 7.42 0.002 2,29 3.32 0.045 2,33 5.11 0.011
Plot [Treatment] 15,32 0.99 0.48 15,29 1.51 0.16 15,33 1.13 0.37
Soil pH 1,32 10.36 0.003 1,29 2.23 0.14 1,33 6.57 0.015
Soil moisture (%) 1,32 2.98 0.09 e e e e e e

Woody debris cover (%) e e e 1,29 5.02 0.032 e e e

Plant cover (%) e e e 1,29 1.38 0.25 e e e

Soil CaCO3 (%) e e e 1,29 1.28 0.27 e e e

Total soil organic matter (%) e e e e e e 1,33 2.30 0.14

“e “ indicates that the variables were excluded from the model.
Significant P-values (<0.05) are indicated in bold.
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A total of 1178 gastropod individuals were recorded, 462 (39.2%)
of them in invaded plots, 360 (30.6%) in removed plots and 356
(30.2%) in uninvaded plots (Appendix A). The number of gastropods
sampled decreased significantly with increasing intensity of
disturbance (Fig. 3, Table 3). Furthermore, in the highly disturbed
area gastropod abundance was significantly higher in invaded plots
than in both uninvaded plots and plots from which I. glandulifera
had been removed (Fig. 3, Table 3). The number of gastropod
individuals sampled was also negatively influenced by the cover of
woody debris (Table 3).

Gastropod diversity (Fisher’s alpha) was affected by both the
intensity of disturbance and the presence of I. glandulifera (Table 3).
Gastropod diversity increased with increasing level of disturbance
(mean ! SE; low: 3.87. ! 0.51; moderate: 5.00 ! 0.53; high:
6.74 ! 0.02). Furthermore, gastropod diversity was significantly
higher in invaded plots (6.10 ! 0.70) than in uninvaded plots

(3.68 ! 0.40) (Tukey HSD-test; P < 0.05; Table 2). However, the
diversity in invaded plots did not differ from that in plots in which
I. glandulifera had been removed (5.83 ! 0.84).

3.3. Community composition

The first three axes of the CCA explained 17.1% of the
gastropod species variation, and 80.7% of the speciese
environment relationship. The multivariate analysis showed
a slight separation of the gastropod communities in invaded plots
and in plots with removed I. glandulifera (axis 2: F1,34 ¼ 3.13,
P ¼ 0.085) and between the communities in invaded and unin-
vaded plots (axis 2: F1,34 ¼ 3.26, P ¼ 0.079; Fig. 4). However, the
CCA also revealed that soil moisture, presence or absence of
I. glandulifera and cover of woody debris affected the gastropod
communities (Table 4, Fig. 4). In contrast, the cover of ground
vegetation, concentration of calcium carbonate, soil pH and total
organic matter in the soil did not influence the gastropod
communities (Table 4).

Fig. 2. Gastropod species richness (mean ! SE) in plots invaded by I. glandulifera, in
plots in which I. glandulifera had been removed and in uninvaded plots. Data were
averaged across the treatments (n ¼ 18 in each case, Table 2).

Fig. 3. Abundance of gastropods (mean ! SE) in plots invaded by I. glandulifera, in plots in which I. glandulifera had been removed, and in uninvaded plots in slightly, moderately and
highly disturbed forest areas. Different letters indicate significant differences between the different types of plots within area (Tukey HSD, P < 0.05).
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Fig. 4. First and second axis of CCA ordination (bi-plot-scaling) for the plots invaded by
I. glandulifera (filled triangles), plots in which I. glandulifera has been removed (filled
squares) and uninvaded plots (filled circles). Convex hulls, connecting the most
outward lying sites, were drawn to visualize changes in the gastropod communities.
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3.4. Gastropod characteristics

The three types of plots did not differ in frequencies of forest
(48%), open-land (12%) and ubiquitous (40%) gastropod species
(X2 ¼ 0.17, df ¼ 4, P ¼ 0.99). Furthermore, the three types of plots
harboured similar frequencies of gastropod species with low,
moderate and high inundation tolerance (X2 ¼ 3.24, df ¼ 4,
P ¼ 0.52). However, the presence of I. glandulifera altered the
frequencies of gastropod individuals with different habitat speci-
ficity (X2 ¼ 12.14, df ¼ 4, P ¼ 0.016). In invaded plots, more open-
land (7.5%) and ubiquitous individuals (33.1%) were recorded than
both in plots with removed I. glandulifera and in uninvaded plots
(combined: 4.5% open-land and 26.9% ubiquitous gastropod indi-
viduals). Furthermore, invaded plots and plots with removed
I. glandulifera had larger proportions of gastropod individuals with
high inundation tolerance (10.3% and 11.6%) than uninvaded plots
(3.8%; X2 ¼ 37.63, df ¼ 4, P < 0.0001). Finally, the three types of
plots did not differ in the size distribution of gastropod individuals
(X2 ¼ 2.03, df ¼ 2, P ¼ 0.36).

4. Discussion

Our field experiment showed an increase in gastropod species
richness in response to I. glandulifera invasion independent of the
degree of forest disturbance. The presence of I. glandulifera caused
a slight shift in the gastropod community. Furthermore, in the
highly disturbed forest area the abundance of gastropods was
higher in invaded plots than in uninvaded plots.

The diversity of vascular plants plays a key role for the species
richness and abundance of terrestrial gastropods in a variety of
habitats (Horsak and Hajek, 2003; Saetersdal et al., 2004; Horsak
et al., 2010). However, there are several ecosystems including
forests in which gastropod diversity and abundance are not related
to the diversity of vegetation (Bishop, 1980; Baur et al., 1996;
Cremene et al., 2005). In our field experiment, species richness and
composition of vascular plants were not affected by I. glandulifera
(Küng, 2010). This result is in line with findings of Hulme and
Bremner (2006) and Hejda et al. (2009) showing that the inva-
sion of I. glandulifera caused only slight changes in the native
vegetation. Therefore, food resources and microhabitat heteroge-
neity for terrestrial gastropods may not be significantly reduced by
the invasion of I. glandulifera. It is even possible that the invasive
plant provides an additional microhabitat or a structural element
that is favourable for certain terrestrial gastropod species. This
may result in higher species richness and abundance of gastro-
pods, especially in highly disturbed areas. In contrast, the invasive
Japanese knotweed F. japonica causes a significant reduction in
species richness and abundance of gastropods (Kappes et al., 2007;
Gerber et al., 2008; Stoll et al., 2012). With its dominant stands the

knotweed reduces the native plant species richness, and thus
alters the food resources and structural habitat heterogeneity for
terrestrial gastropods (Boycott, 1934; Labaune and Magnin, 2001).

Besides vascular plant diversity, the calcium carbonate content
of the soil, temperature, humidity and different types of distur-
bances are known to influence the richness and abundance of
gastropods (e.g. Denslow, 1980; Wäreborn, 1992; Johannessen and
Solhøy, 2001; Boschi and Baur, 2008). Invasive plants may alter the
soil moisture, soil conditions, nutrient cycling and the microcli-
mate (Ehrenfeld et al., 2005; Reinhart and Callaway, 2006; Munoz
Valles et al., 2011). In our study, soil moisture was higher in
invaded plots and plots in which I. glandulifera was removed than
in uninvaded plots. In general, the richness and abundance of
gastropods are positively related to soil moisture content
(Wäreborn, 1992; Martin and Sommer, 2004; Horsak and
Cernohorsky, 2008). Thus, it is not surprising that we found
more gastropod species in patches, which retained soil moisture.
High soil moisture results in a higher evaporation, which in turn
reduces soil temperature (as measured in the present study). The
soil remained moist in the plots in which I. glandulifera had been
repeatedly removed during the growing season. It is possible that
I. glandulifera prefers to invade forest areas with high soil mois-
ture. However, this seems not to be the case in our field experi-
ment. Most of the not yet invaded plots in 2010 were two years
later colonized by the invasive plant. Our experimental removal
plots may constitute small gaps in the I. glandulifera patches. The
dense surrounding stands consisting of up to 2.5 m tall invasive
plants may shade the small gaps (5 m " 5 m) and thus influence
the soil moisture of these plots. Indeed, after the senescence of
I. glandulifera in December 2010, soil moisture did no longer differ
between the plots of the different treatments (H.-P. Rusterholz,
unpubl. data).

We recorded an increase in gastropod abundance in invaded
and highly disturbed plots. In the highly disturbed area, fluctua-
tions of daily air and soil temperature were dampened in invaded
plots compared to the other plot types (Fig. 1). The canopy is still
more open in the highly disturbed forest area than in the other two
forest areas, even 11 years after the wind throw. As a result of the
open canopy, air and soil temperature and evaporation rate are
increased (Denslow, 1980). Under these conditions, dense stands of
I. glandulifera are providing a favourablemicroclimate for terrestrial
gastropods with higher soil moisture and lower temperature fluc-
tuations (Boag, 1990; Hawkins et al., 1998). Thus, several gastropod
species might be attracted by the moister conditions in areas
invaded by I. glandulifera, resulting in higher gastropod richness
and abundance.

Beside soil moisture and temperature, I. glanduliferamay attract
certain gastropod species as food plant and thereby increase
species richness and abundance. In late spring, grazing damage by
gastropods has been observed on cotyledons of I. glandulifera (B.
Baur, personal observation). In contrast, gastropods did rarely feed
on primary and secondary leaves of the invasive plant, most
probably due to their specific chemical secondary compounds (R.
Ruckli, unpubl. data). In controlled food-choice tests, gastropods
did not feed on fresh leaves but consumed senescent leaves of
I. glandulifera (B. Baur, unpubl. data).

The repeated removal of individuals of I. glandulifera in one
treatment may not affect the species richness and abundance of
terrestrial gastropods. Plant removal began 3 years before the
gastropod community was examined. Since then, the number of
invasive plants removed decreased because less seeds occurred in
the seed bank.

In general, disturbances alter gastropods communities (e.g.
Gerber et al., 2008; Stoll et al., 2009; Bros et al., 2011). Gastropod
species differ considerably in sensitivity to disturbance (Boschi and

Table 4
Results of the canonical correspondence analysis (CCA) showing the variance values
of absolute and additional effects explained by environmental variables.

Absolute effects Additional effects

Variable Lambda I Lambda A F P

Soil moisture (%) 0.17 0.17 4.92 0.002
I. glandulifera (presence/absence) 0.07 0.08 2.05 0.004
Woody debris cover (%) 0.07 0.06 2.00 0.008
Plant cover (%) 0.04 0.05 1.28 0.17
Soil CaCO3 (%) 0.03 0.03 0.85 0.62
Soil pH 0.03 0.02 0.78 0.74
Total soil organic matter (%) 0.10 0.02 0.44 0.99

Environmental variables are listened in the order of automatic forward selection by
CANOCO.
Significant P-values (<0.05) are indicated in bold.
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Baur, 2007a, b). In deciduous forest, species with a high forest
habitat specificity are sensitive to disturbance (Kappes et al., 2009).
Our study also revealed that the proportion of gastropod individ-
uals with different habitat specificity was altered in patches of
I. glandulifera. Invaded plots harboured a lower proportion of forest
individuals than control plots. Depending on the type and extent of
disturbance, the proportion of forest individuals is highly variable
in deciduous forests. The percentages of forest gastropod individ-
uals varied from 33 to 45% in disturbed beech forests in Germany
(Kappes et al., 2009), from 25 to 42% in natural deciduous forest in
Eastern Europe (Cameron and Pokryszko, 2004), and from 19 to 69%
in temperate-humid forests in Germany (Martin and Sommer,
2004). In the present study, the percentage of forest gastropod
individuals ranged from 58 to 69%. The lower abundance of forest
individuals in invaded plots and the slight shift in the composition
of communities indicate that the invasion of I. glandulifera alters
gastropod communities.

Our findings demonstrate the potential of I. glandulifera to
induce functional changes in forest ecosystems by increasing soil-
moisture and dampening daily soil temperature fluctuations in
highly disturbed areas. In this way, the presence of I. glandulifera
provides favourable environmental conditions for certain
gastropod species during summer.
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a b s t r a c t

Invasive plants can disrupt associations between soil organisms and native trees which may result in
altered ecosystem functions, both reduced biodiversity and timber production. We examined the effect
of the invasive annual plant Impatiens glandulifera on the arbuscular mycorrhiza (AM) symbiosis and per-
formance of Acer pseudoplatanus saplings at three different levels of disturbance in a controlled field
experiment in a deciduous forest in Switzerland. A total of 1125 one-year-old A. pseudoplatanus saplings
were planted either in plots invaded by I. glandulifera, in plots from which the invasive plant had been
manually removed or in plots which were not yet colonised by the invasive plant. The 45 (3 ! 15) plots
were equally distributed over three forest areas which were differently affected by a wind throw 12 years
prior to the experiment. Saplings including their full root systems were harvested after 3, 6 and
15 months. I. glandulifera reduced AM colonisation on A. pseudoplatanus saplings by 30–43%. Reduction
in AM colonisation did not differ between harvesting time and was not affected by the level of forest dis-
turbance. Saplings growing in invaded plots also showed a reduced root biomass and survival rate com-
pared to saplings in the other plots. Increases in soil moisture, soil pH, available phosphorus and
microbial activity found in plots invaded by I. glandulifera did not affect AM colonisation and performance
of saplings. Our findings demonstrate that the spread of the invasive I. glandulifera in mixed deciduous
forests negatively affects the symbiotic association between AM fungi and A. pseudoplatanus saplings
and thus forest regeneration.

! 2014 Elsevier B.V. All rights reserved.

1. Introduction

The intentional and unintentional introduction of non-native
species is considered as a major threat for native biodiversity
(Pimentel et al., 2005; Pejchar and Mooney, 2009). Non-native
plant species have the potential to affect an ecosystem by changing
species diversity, community structure and interactions among
organisms (Mooney and Hobbs, 2000; Kourtev et al., 2002; Stoll
et al., 2012). Moreover, non-native plants may be able to change
soil properties such as pH, moisture, and nutrient content (e.g.
phosphorus and nitrogen) which in turn affect native biodiversity
(Ehrenfeld et al., 2005; Munoz Valles et al., 2011).

Several factors are known to contribute to the invasion success
of non-native plants in novel habitats. Environmental disturbance
is a key factor facilitating the invasion and spread of non-native
plant species into various habitats by changing ecosystem proper-

ties (Elton, 1958; D’Antonio et al., 1999; Hierro et al., 2006;
Lookwood et al., 2007). Furthermore, there is growing evidence
that invasive plants are able to alter the abundance and composi-
tion of soil microbial organisms and to disrupt symbiotic associa-
tions between soil fungi and host plants which increases the
invasion success (Richardson et al., 2000; Reinhart and Callaway,
2006; Weidenhamer and Callaway, 2010).

Arbuscular mycorrhiza (AM) constitute the most abundant and
oldest type of mycorrhiza symbiosis (Smith and Read, 2009). More
than 80% of the vascular plants develop AM symbiosis with specific
soil fungi that belong to the phylum Glomeromycota (Schussler
et al., 2001). AM symbiosis is also a key interaction in tree species
of different forest ecosystems (Wang and Qiu, 2006). AM symbiosis
increases both soil nutrient and water uptake of host trees,
strengthens pathogen resistance and protects the host plant during
drought (Smith and Read, 2009). AM fungi facilitate the recruit-
ment and establishment of tree seedlings (Brundrett, 1991; Kiers
et al., 2000). Moreover, AM symbiosis plays a key role for the trans-
port of resources within an ecosystem and is an important factor

http://dx.doi.org/10.1016/j.foreco.2014.01.015
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determining the diversity of plant communities in space and time
(Allen, 1991; Smith and Read, 2009; Johnson et al., 2012).

Several studies demonstrated that biennial and perennial inva-
sive plants including Alliaria petiolata and Tamarix sp. reduce the
colonisation rate of AM on native Acer and Populus trees (Roberts
and Anderson, 2001; Stinson et al., 2006; Meinhardt and Gehring,
2012). Moreover, the invasive plant A. petiolata altered AM com-
munities in forest soils (Barto et al., 2011). Thus, the disruption
of AM symbiosis by invasive plants may have severe consequences
for the performance of tree saplings.

In the last decade, the annual plant Impatiens glandulifera
(Himalayan balsam) has increasingly invaded deciduous and conif-
erous forests disturbed by wind throws and/or intensive forest
management in Central Europe (Nobis, 2008). I. glandulifera is na-
tive in the western Himalaya and was introduced as a garden orna-
mental plant to Europe and North America in the middle of the
19th century (Beerling and Perrins, 1993). It became naturalized
and invasive in riparian habitats and disturbed areas (Hejda and
Pysek, 2006). Relatively few studies investigated the potential im-
pact of I. glandulifera on native biodiversity. The presence of I. glan-
dulifera causes slight changes in the cover of plant species and
shifts in the species composition in riparian habitats (Hejda and
Pysek, 2006; Maule et al., 2000). I. glandulifera competes success-
fully with native plants for pollinators, which could lead to a re-
duced plant fitness (Chittka and Schurkens, 2001; Lopezaraiza-
Mikel et al., 2007). In mixed deciduous forests, I. glandulifera affects
the litter-dwelling gastropod community by increasing soil mois-
ture and dampening daily soil temperature fluctuations (Ruckli
et al., 2013).

In contrast to perennial invasive plants, relatively little is
known concerning the impact of annual invasive plant species on
the performance of tree saplings and the symbiosis between sap-
lings and AM fungi. In the present study, the Sycamore maple (Acer
pseudoplatanus), a common deciduous tree species in Central Eur-
ope, was used as a model species to study the impact of the inva-
sive I. glandulifera on the symbiotic association between saplings
and AM fungi. A balanced field experiment was designed with plots
placed in patches of I. glandulifera, plots from which the invasive
plant was regularly removed and plots which were not yet colon-
ised by the invasive plant. The three treatment plots were equally
distributed over three forest areas that were differently affected by
a wind throw 12 years prior to the experiment, creating a natural
gradient of disturbance. One-year-old A. pseudoplatanus saplings
planted in the experimental plots were harvested after 3, 6 and
15 months to assess I. glandulifera-induced changes in AM coloni-
sation, survival and biomass of saplings. The study also examined
whether the presence of I. glandulifera alters chemical and bio-
chemical soil properties which in turn may affect AM colonisation
and the performance of A. pseudoplatanus saplings. The following
hypotheses were tested: (1) The invasion of I. glandulifera reduces
the AM colonisation of fine roots of A. pseudoplatanus saplings. (2)
The invasive plant-induced reduction of AM colonisation increases
with time. (3) Survival and biomass of A. pseudoplatanus saplings
are reduced in the presence of the invasive plant. (4) Intensities
of former forest disturbance by the wind throw amplifies the im-
pact of I. glandulifera on AM colonisation of A. pseudoplatanus
saplings.

2. Materials and methods

2.1. Field experiment

The experiment was carried out in three areas (each measuring
50 ! 180 m) in a mixed deciduous forest 15 km south of Basel,
northern Switzerland (47!260N, 7!330E). In this region, the annual

temperature averages 9.6 !C and the annual precipitation is
1021 mm (Meteo Swiss, 2012). The three areas (situated within
1 km2) were differently affected by the windstorm Lothar in
1999. Eight years after this storm, the disturbance intensity in
the three areas was assessed by measuring the canopy closure of
the remaining forest trees using a spherical crown densitometer
(Forest suppliers Inc., US). One area with a canopy closure of 80%
was considered as low disturbed, another area with a canopy cover
of 50% as moderately disturbed, and the remaining area with a can-
opy closure of 2.5% as heavily disturbed (Appendix A). I. glandulif-
era started to invade the forest shortly after the storm in spring
2000.

In spring 2008 (8 years after invasion), five homogenous
patches of I. glandulifera were selected in each area. The patches
were situated 5–10 m apart from each other. In each patch, two
5 ! 5 m plots with similar I. glandulifera cover adjacent to each
other were installed. In one of the two plots all I. glandulifera indi-
viduals were removed by hand (hereafter referred to as removed)
every spring in the years 2008–2012. The other plot was left in-
vaded by I. glandulifera (hereafter referred to as invaded). As an
additional control, six 5 ! 5 m control plots were selected that
were not yet invaded by I. glandulifera in close proximity (7–
20 m) to the experimental plots in each area (referred to as unin-
vaded). This allowed to control for the slight mechanical distur-
bance of the soil by removing I. glandulifera. To prevent
colonisation of I. glandulifera in the not yet invaded plots, all inva-
sive plants growing in close proximity to these plots were removed
five times per year from 2008 to 2012. Thus, the experimental set-
up consisted of 45 treatment plots (15 invaded, 15 removed, 15
uninvaded) equally distributed over the three areas, which were
differently affected by the storm.

A total of 1125 one-year-old A. pseudoplatanus saplings (25 sap-
lings in each plot) obtained from a commercial forest nursery
(Emme-Forstbaumschulen AG; seed origin: Hägendorf, Switzer-
land) were planted on 16 April 2011. To minimise potential edge
effects, the saplings were planted in areas of 1 m2 which at least
1 m apart from the plot border. Fine roots of the A. pseudoplatanus
saplings were pruned prior to planting to avoid transplanting AMF
from the nursery. Saplings of the same height (24–26 cm) were
planted in the different plots.

2.2. AM colonisation and performance of A. pseudoplatanus saplings

To assess the effect of I. glandulifera on AM colonisation, sur-
vival, and root and shoot biomass of A. pseudoplatanus saplings,
two saplings in each plot were harvested after 3 months (July
2011), 6 months (October 2011) and 15 months (July 2012) yield-
ing a total of 30 saplings for each treatment plot at each sampling
date. The saplings were carefully dug out with the entire root sys-
tem and put in plastic bags together with soil of the corresponding
plots. The number of viable and dead A. pseudoplatanus saplings
was recorded at each sampling date. At the same time, the number
of I. glandulifera individuals were counted in one subplot measur-
ing 0.25 m2 in each plot invaded by the invasive plant and their
biomass was assessed (n = 15 subplots, Appendix A).

In the laboratory, sapling roots were separated from shoots and
the roots were washed free of soil and organic debris. Any adhering
material was removed with forceps. The fine roots were preserved
in a 50% ethanol solution until AM determination. To estimate the
percentage of AM colonisation on fine roots, a weighed fine root
subsample of each sapling (range: 0.09–0.12 g) was cleared in
10% KOH (20 min, 121 !C) and stained for 3.5 min in a 5% ink-vin-
egar solution (ink; Pelikan blue, apple vinegar; 5% acetic acid) fol-
lowing Vierheilig et al. (1998). After staining, the percentage of AM
colonisation was measured using the gridline intersection method
of McGonigle et al. (1990). At least 100 root intersections were
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checked from each A. pseudoplatanus sapling. The dry weights of
roots and shoots were determined after oven drying (48 h, 60 !C).

2.3. Chemical soil properties and soil enzyme activities

To evaluate any potential influence of soil properties on AM col-
onisation, survival and biomass of A. pseudoplatanus saplings, five
randomly chosen soil samples were collected in each plot using a
metal cylinder (soil depth: 5 cm; soil volume: 100 cm3) on the
same days the saplings were harvested (in July 2011, October
2011 and July 2012). The five soil samples of a plot were mixed
and transported on ice to the laboratory where they were sieved
(mesh width 2 mm). A subsample was stored at !80 !C for analysis
of enzyme activities.

Soil moisture content (%) was determined using the fresh to dry
weight ratio. Soil pH was assessed in distilled water (1:2.5 soil:-
water; Allen, 1989). Total soil organic matter content (SOM) was
determined as loss-on-ignition of oven-dried soil at 700 !C for
23 h (Allen, 1989). Total phosphorus content and plant available
phosphorus content of the soil were assessed using standard meth-
ods (Sparks et al., 1996).

Invasive plants have the potential to affect soil enzymes. Phos-
phatases are essential enzymes for the mineralisation of phospho-
rus which is important for AMF-development and performance of
the host plant (Allen, 1991). Freezing and thawing does not affect
soil enzyme activity within similar types of forest soil (Kissling
et al., 2009). Prior to the analyses, the frozen soil samples were
thawed and stored at 4 !C. All analyses were conducted within
7 days after thawing. The activities of phosphomonoesterase (EC
3.1.3.2) were measured using the p-nitrophenyl-ester based assay
(Tabatabai and Bremner, 1969). 1 g moist soil were mixed with
4 ml of modified universal buffer (MUB, pH 6.5) and incubated for
1 h with 1 ml pNP (p-nitrophenyl phosphate, 15 mM) at 37 !C. Then
1 ml of CaCl2 (0.5 M) was added and the reaction was terminated by
adding 8 ml NaOH (0.5 M). The soil suspensions were centrifuged
for 15 min at 4000 rpm and the p-nitrophenol (pNP) in the superna-
tant was measured spectrophotometrically at 400 nm.

Fluorescein diacetate (FDA) hydrolysis is a surrogate for both
total microbial activity and amount of active fungi (Schnürer and
Rosswall, 1982). We therefore assessed the effect of I. glandulifera
on FDA hydrolysis by using the slightly modified method of Dick

et al. (1996). 1 g of sieved field-moist soil was mixed with 10 ml
of sodium phosphate buffer (6.0 mM, pH 7.6). To start the reaction
100 ll FDA (4.8 mM) was added. After an incubation time of 2 h at
37 !C, 10 ml of acetone was added to stop the reaction. The soil
suspensions were centrifuged for 15 min at 4000 rpm and the
absorbance of the supernatant was measured spectrophotometri-
cally at 490 nm. For all enzymes, three replicates of each sample
and substrate-free controls were analysed.

2.4. Statistical analyses

All statistical analyses were calculated using R 2.15.1 (R Devel-
opment Core Team, 2012). Pearson correlation analysis showed
that total soil phosphorus and plant available soil phosphorus were
intercorrelated (r = 0.42, n = 135, P < 0.001). Consequently, plant
available soil phosphorus can be considered as surrogate for the to-
tal soil phosphorus content. To avoid spatial pseudoreplication, the
following analyses were performed with the mean values of each
plot. Linear mixed models for temporal pseudoreplication (LME)
were used to analyse the effects of treatment, disturbance intensity,
harvesting time and assessed soil properties on the AM colonisa-
tion. Harvesting time and treatment (invaded, removed, uninvad-
ed) were included as fixed factors, plot nested in time as random
factor, and disturbance intensity and soil properties as cofactors.
To assess the effect of the invasive plant on survival and different
biomass measures (total, shoot and root biomass) of A. pseudoplat-
anus saplings, a similar LME was used, but AM colonisation rate was
added as an additional cofactor. Harvesting time and treatment (in-
vaded, removed, uninvaded) were included as fixed factors and plot
nested in time as random factor. To examine the effect of I. glandu-
lifera on the root biomass of A. pseudoplatanus saplings at the three
sapling dates, an ANCOVA was used with treatment as factor and
intensity of disturbance and soil properties as cofactors.

Linear regression analyses were applied to evaluate the effects
of I. glandulifera density on AM colonisation, root and shoot bio-
mass and survival rate of the saplings. To assess the effect of the
invasive plant on chemical soil properties, LME was used with
treatment and harvesting time as fixed factors and plot nested in
time as random factor and intensity of disturbance and selected
soil properties as cofactors. For biochemical properties (soil
enzyme activity), similar LME were used, but the chemical soil

Table 1
Summary of LME analyses on AM colonisation, survival, total biomass and shoot and root biomass of A. pseudoplatanus saplings (Significant P-values (<0.05) are printed in bold).

AM colonisation Survival Total biomass Shoot biomass Root biomass

df F P df F P df F P df F P df F P

Treatment (T) 2,106 328.52 <.0001 2,102 44.91 <.0001 2,102 3.55 0.0323 2,105 1.39 0.2536 2,103 4.40 0.0146
Intensity of disturbance (Id) 1,106 1.33 0.2517 1,102 140.61 <.0001 1,102 3.74 0.0559 1,105 4.86 0.0296 1,103 1.48 0.2271
Harvesting time (Ht) 2,8 0.17 0.8438 2,8 18.39 0.0010 2,8 8.41 0.0108 2,105 14.55 0.0022 2,8 5.06 0.0381
AM colonisation (%) –B –B –B 1,102 2.76 0.0997 –A –A –A –A –A –A –A –A –A

Soil moisture (%) –A –A –A 1,102 0.01 0.9428 –A –A –A –A –A –A –A –A –A

Soil pH 1,106 2.39 0.1249 1,102 0.27 0.5995 1,102 2.47 0.1187 1,105 3.22 0.0755 1,103 1.33 0.2507
Total soil organic matter (%) –A –A –A 1,102 3.57 0.0617 1,102 4.21 0.0426 1,105 2.72 0.1019 1,103 3.87 0.0518
Plant available phosphorusa 1,106 2.22 0.1395 –A –A –A 1,102 1.14 0.2862 –A –A –A 1,103 2.36 0.1271
PME activityb –A –A –A 1,102 1.910 0.1700 1,102 0.52 0.4704 1,105 2.15 0.1453 1,103 0.016 0.8988
Hydrolyse activity of FDAc 1,106 1.32 0.2528 –A –A –A 1,102 1.24 0.2682 1,105 1.23 0.2695 –A –A –A

Soil moisture " T –A –A –A 2,102 1.475 0.2336 –A –A –A –A –A –A –A –A –A

Soil pH " T –A –A –A 2,102 2.789 0.0662 –A –A –A –A –A –A 2,103 1.93 0.1494
Total soil organic matter " T –A –A –A –A –A –A 2,102 1.39 0.2535 –A –A –A –A –A –A

PME activity " T –A –A –A –A –A –A 2,102 3.33 0.0395 2,105 1.37 0.2566 2,103 2.79 0.0660
Hydrolyse activity of FDA " T 2.106 1.86 0.1605 –A –A –A –A –A –A –A –A –A –A –A –A

Id " T 2,106 3.53 0.0329 2,102 2.70 0.0722 2,102 3.18 0.0455 2,105 2.48 0.0889 2,103 2.63 0.0768
Ht " T 4,106 20.98 <.0001 4,102 0.371 0.8291 4,102 1.62 0.1730 4,105 0.72 0.5776 4,103 2.37 0.0569

A Cofactor was excluded from the model.
B Not included in the model.
a PLANT available soil phosphorus; lg PSO4 g!1 soil.
b PME (phosphomonoesterase) activity; mmol pNP g!1 h!1.
c Hydrolyse activity of FDA (fluorescein diacetate); lg fluorescein g!1 soil h!1.
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properties were added as additional cofactors. If necessary, data
were log- or arsin-transformed to obtain normally distributed
residuals. Statistical models were stepwise reduced by deleting
non-significant interactions as recommended by Crawley (2007).

3. Results

3.1. AM colonisation of A. pseudoplatanus saplings

Invasion of I. glandulifera resulted in a significant reduction of
AM colonisation on the fine roots of A. pseudoplatanus saplings (Ta-
ble 1 and Fig. 1). In general, AM colonisation was 30–43% lower on
saplings growing in plots with the invasive plant than on saplings
growing in plots without I. glandulifera. Surprisingly, AM colonisa-
tion of A. pseudoplatanus saplings was not affected by the harvest-
ing time. The significant interaction between treatment and
harvesting time resulted from a lower AM colonisation on saplings
in plots from which the invasive plant had been removed com-
pared to saplings in uninvaded plots sampled after 3 and 6 months
(Fig. 1). After 15 months, however, AM colonisation on saplings did
not differ between plots from which I. glandulifera had been re-
moved and uninvaded plots (Fig. 1). The density of I. glandulifera
did not affect AM colonisation (linear regression: R2 = 0.030,
F1,43 = 2.38, P = 0.120).

3.2. Survival and biomass of A. pseudoplatanus saplings

Invasion of I. glandulifera reduced the survival of A. pseudoplat-
anus saplings (Table 1, Fig. 2). After 15 months, the survival rate of
saplings growing in invaded plots was 32% lower than those of sap-
lings growing in plots in which I. glandulifera had been removed
and in uninvaded plots (Fig. 2). The density of I. glandulifera did
not affect the survival rate of saplings (linear regression:
R2 = 0.012, F1,43 = 0.54, P = 0.467).

The total biomass of A. pseudoplatanus saplings was reduced in
plots invaded by I. glandulifera compared to those of saplings grow-
ing in plots from which the invasive plant had been removed and
in uninvaded plots (Table 1, Appendix B). This was primarily a re-
sult of the reduced root biomass, because the invasive plant did not
affect the saplings’ shoot biomass (Table 1). Overall, the root bio-
mass of A. pseudoplatanus saplings was 12–18% lower in plots with
the invasive plant than the root biomass of saplings in plots in
which the invasive plant had been removed and in uninvaded plots
(Appendix B). Total biomass, root and shoot biomass of A. pseudo-
platanus increased with duration of the experiment (expressed by
harvesting time; Table 1, Appendix B). After 15 months, the root
biomass of A. pseudoplatanus saplings was reduced by 20–31% in
plots invaded by I. glandulifera compared to those in plots from
which the plant had been removed and in uninvaded plots (ANCO-
VA; F2,39 = 4.81, P = 0.013). However, after 3 and 6 months, the root
biomass did not differ among treatments (3 months: F2,39 = 2.62,
P = 0.096; 6 months: F2,39 = 1.80, P = 0.177). The total biomass of
saplings was also influenced by soil organic matter as indicated
by the LME-analyses (Table 1). Phosphomonoesterase (PME) activ-
ity did not directly affect the total biomass. However, the signifi-
cant interaction between PME activity and treatment indicates
that total sapling biomass was differently affected by the PME
activity in the different treatments (Table 1). The total biomass of
saplings was not influenced by the density of the invasive plant
(linear regression: R2 = 0.020, F1,43 = 0.11, P = 0.742).

3.3. Soil properties and soil enzyme activity

The presence of I. glandulifera changed soil moisture, soil pH,
plant available soil phosphorus and the hydrolyse of fluorescein
diacetate (FDA) (Table 2). In contrast, total soil organic matter
and activity of PME were not affected by the invasion of I.

Fig. 1. AM colonisation (%) of Acer pesudoplatanus saplings growing in plots invaded
by Impatiens glandulifera, in plots from which the invasive plant had been removed
and in uninvaded plots. Saplings were harvested after 3, 6 and 15 months. Mean
values ± SE are presented (n = 15 in each case). Different letters indicate significant
differences among treatments (invaded, removed, uninvaded) within each harvest-
ing time (Tukey’s HSD, p < 0.05).
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Fig. 2. Survival (%) of Acer pseudoplatanus saplings in plots invaded by Impatiens glandulifera (black circles), in plots from which the invasive plant had been removed (grey
circles) and in uninvaded plots (open circles). The different plots were equally distributed in three differently disturbed forest areas. The percentage of surviving saplings was
recorded after 3 months, 6 months and 15 months. (Mean values ± SE are presented (n = 5, in each case).
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glandulifera (Table 2). In general, soil moisture was 15% higher in
invaded than in uninvaded plots (Table 3). Soil pH was less acid
in plots with I. glandulifera (mean ± se: 4.70 ± 0.03) than in plots
from which the invasive plant had been removed (4.58 ± 0.02)
and in uninvaded plots (4.52 ± 0.03). The difference in soil pH be-
tween invaded and uninvaded plots was more pronounced in July
and October 2011 than in July 2012 (Table 3). Furthermore, soil pH
was negatively affected by total soil organic matter (Table 2). Plant
available soil phosphorus was 13% and 20% higher in plots with I.
glandulifera than in plots in which the invasive plant had been re-
moved and in uninvaded plots (Table 3). The amount of plant avail-
able soil phosphorus increased with time (Table 3). Hydrolyse
activity of FDA, a surrogate for fungal biomass and total microbial
activity (Adam and Duncan, 2001; Gaspar et al., 2001), was in-
creased in the presence of the invasive plant (Table 2). Interest-
ingly, the effect of I. glandulifera on FDA activity was more
pronounced in autumn than in summer (Table 3). Furthermore,
FDA activity was positively affected by soil moisture and soil pH
(Table 2). There were no interactions between treatment and sam-
pling date in any of the soil properties examined.

3.4. Effect of former forest disturbance

Intensity of former forest disturbance did not influence the AM
colonisation of A. pseudoplatanus saplings. However, the significant
interaction between disturbance intensity and treatment indicates
that AM colonisation was differently affected by different distur-
bance intensity in the three treatments (Table 1). In contrast, sap-
ling survival decreased with increasing intensity of forest
disturbance (Table 1, Fig. 2). Furthermore, both total and shoot bio-
mass of saplings increased with the intensity of former forest dis-
turbance (Table 1, Appendix B), while root biomass was unaffected
by the disturbance intensity (Table 1, Appendix B).

Soil moisture content and total soil organic matter increased
with intensity of disturbance (Table 3). In contrast, plant available
soil phosphorus content and FDA hydrolyse activity were nega-
tively affected by disturbance intensity (Table 3). Soil pH and
PME activity were not affected by the intensity of former forest
disturbance.

4. Discussion

The present study demonstrates that the invasive annual plant
I. glandulifera reduces AM colonisation of A. pseudoplatanus sap-
lings. Furthermore, in the presence of I. glandulifera, saplings
showed both reduced survival and root biomass compared to con-
trol saplings. The presence of the invasive plant also increased soil
moisture, soil pH, plant available phosphorus and the hydrolysis
activity of FDA.

Non-native plants increasingly invade deciduous forests (Essl
et al., 2011; Godoy et al., 2011; Rusterholz et al., 2012) and there
is growing evidence that non-native plants disturb AM associations
of native tree species (Barto et al., 2011; Meinhardt and Gehring,
2012; Stinson et al., 2006). Most of the trees depend on AM symbi-
osis during the juvenile stage. The reduction of AM colonisation of
A. pseudoplatanus saplings (30–43%) recorded in our study is simi-
lar to the reduction found in other studies that considered biennial
and perennial invasive plants: 16–85% in saplings of various Acer
sp. affected by the non-native Alliaria petiolata (Stinson et al.,
2006; Barto et al., 2011), 25% in saplings of Populus fremontii influ-
enced by invasive Tamarix sp. (Meinhardt and Gehring, 2012) and
50–60% in juvenile Plantago lanceolata, Lotus corniculatus and Trifo-
lium pratense plants affected by I. glandulifera (Tanner and Gange,
2013).Ta
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Table 3
Chemical and biochemical soil properties in the three treatment plots (invaded by Impatiens glandulifera, invasive plant removed, and uninvaded) equally distributed in low, moderately and highly disturbed forest areas. Soil samples
were taken in July and October 2011 and in July 2012.

Sampling date Intensity of former forest disturbance

Low Moderate High

Invaded Removed Uninvaded Invaded Removed Uninvaded Invaded Removed Uninvaded

July 2011
Soil moisture (%) 26.38 ± 0.84 26.85 ± 1.43 26.51 ± 1.10 27.62 ± 1.96 28.20 ± 2.04 22.49 ± 1.31 32.06 ± 1.01 27.77 ± 0.82 26.59 ± 3.64
Soil pH 4.80 ± 0.09 4.56 ± 0.10 4.71 ± 0.02 4.74 ± 0.04 4.72 ± 0.15 4.51 ± 0.06 4.72 ± 0.06 4.72 ± 0.05 4.57 ± 0.07
Total soil organic matter (%) 9.51 ± 0.48 12.66 ± 1.53 10.49 ± 0.45 13.44 ± 1.92 13.28 ± 2.37 10.69 ± 0.81 14.00 ± 1.43 10.85 ± 0.84 13.00 ± 3.04
Plant av. soil phosphorusa 46.23 ± 6.41 50.99 ± 5.30 42.29 ± 10.99 35.72 ± 5.82 34.92 ± 7.54 31.59 ± 8.26 32.72 ± 13.69 19.91 ± 5.34 21.55 ± 3.86
PME activityb 7.34 ± 0.43 8.23 ± 0.55 5.77 ± 0.79 4.92 ± 0.99 3.53 ± 0.60 3.40 ± 0.48 5.28 ± 0.27 5.25 ± 1.03 4.73 ± 0.93
Hydrolyse activity of FDAc 107.74 ± 8.16 122.84 ± 7.52 98.10 ± 12.52 119.20 ± 5.05 92.71 ± 16.23 107.27 ± 9.99 131.14 ± 3.61 104.93 ± 7.25 100.21 ± 8.90

October 2011
Soil moisture (%) 24.17 ± 1.02 23.49 ± 0.95 20.63 ± 0.53 28.06 ± 2.03 24.04 ± 1.23 19.41 ± 0.79 31.97 ± 0.94 32.34 ± 1.78 25.78 ± 1.70
Soil pH 4.84 ± 0.21 4.46 ± 0.08 4.60 ± 0.02 4.64 ± 0.05 4.48 ± 0.11 4.38 ± 0.12 4.83 ± 0.07 4.65 ± 0.02 4.54 ± 0.12
Total soil organic matter (%) 12.59 ± 0.83 12.61 ± 1.06 10.25 ± 0.42 14.91 ± 1.18 12.95 ± 1.87 13.09 ± 1.47 12.13 ± 1.34 12.41 ± 1.89 11.14 ± 0.50
Plant av. soil phosphorusa 55.51 ± 10.41 43.93 ± 9.15 28.67 ± 7.30 47.33 ± 6.05 30.04 ± 5.84 27.82 ± 6.01 42.21 ± 3.23 27.92 ± 4.76 30.34 ± 3.65
PME activityb 10.42 ± 0.79 9.61 ± 0.23 8.27 ± 0.70 7.20 ± 0.61 7.06 ± 1.53 8.48 ± 0.94 10.30 ± 1.23 8.97 ± 0.71 8.71 ± 0.96
Hydrolyse activity of FDAc 123.35 ± 9.95 98.94 ± 6.53 89.31 ± 10.51 121.46 ± 8.49 100.18 ± 15.40 111.93 ± 4.72 108.20 ± 7.65 95.78 ± 5.80 86.86 ± 11.15

July 2012
Soil moisture (%) 30.32 ± 1.24 29.41 ± 0.78 28.53 ± 1.35 30.94 ± 1.63 27.76 ± 1.15 22.76 ± 3.56 34.17 ± 1.07 31.13 ± 1.42 32.26 ± 2.23
Soil pH 4.65 ± 0.11 4.63 ± 0.08 4.61 ± 0.03 4.53 ± 0.06 4.50 ± 0.07 4.38 ± 0.10 4.59 ± 0.04 4.56 ± 0.03 4.40 ± 0.05
Total soil organic matter (%) 10.50 ± 0.71 9.91 ± 0.59 9.77 ± 0.32 10.61 ± 1.08 9.39 ± 1.53 12.31 ± 2.01 13.29 ± 1.74 12.16 ± 1.13 11.76 ± 1.43
Plant av. soil phosphorusa 150.32 ± 18.40 130.24 ± 14.51 103.97 ± 14.69 115.48 ± 21.94 119.56 ± 11.66 111.22 ± 5.56 115.41 ± 10.31 104.47 ± 18.20 115.96 ± 9.63
PME activityb 5.51 ± 1.89 6.16 ± 2.21 5.12 ± 0.67 5.91 ± 0.86 7.75 ± 2.12 7.35 ± 2.27 8.04 ± 1.51 8.56 ± 1.53 8.70 ± 1.06
Hydrolyse activity of FDAc 132.63 ± 11.03 144.99 ± 13.37 142.05 ± 7.37 127.97 ± 11.66 124.52 ± 8.26 70.35 ± 4.20 117.07 ± 6.21 102.05 ± 7.75 113.39 ± 9.20

Note: Means ± SE are given, n = 5 in each case.
a Plant available soil phosphorus; lg PSO4 g!1 soil.
b PME (phosphomonoesterase) activity; mmol pNP g!1 h!1.
c Hydrolyse activity of FDA (fluorescein diacetate); mg fluorescein g!1 soil h!1.
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The present study is the first that investigated the potential
influence of an annual invasive plant on AM symbiosis. No seasonal
variation in the extent of AM colonisation in A. pseudoplatanus sap-
lings was recorded in the present study rejecting the second
hypothesis. This unexpected result contradicts earlier findings that
AM colonisation of tree saplings increases from early spring to
summer and then declines in autumn (Brundrett and Kendrick,
1988; Cooke et al., 1992), or varies in the course of the year inde-
pendent of external disturbances (Demars and Boerner, 1995;
Escudero and Mendoza, 2005; Kabir et al., 1997). However, differ-
ences in experimental designs, sampling schedules and life form of
the species examined should be taken in account when different
studies are compared. It is possible that saplings were harvested
before and after the seasonal peak of AM colonisation and there-
fore its seasonal variation could not be shown. The experimental
approach used in the present study rules out potential differences
in plant performance and in historical and initial conditions be-
tween invaded and uninvaded plots. In contrast, the majority of
the other studies were field surveys in which focal trees were sam-
pled both in invaded sites and uninvaded control sites in the neigh-
bourhood. Controlled field experiments reveal more distinct
results than field surveys disturbed by confounding factors (Hulme
and Bremner, 2006; Lopezaraiza-Mikel et al., 2007; Nienhuis et al.,
2009).

Allelopathic compounds released in the soil could be the mech-
anism by which I. glandulifera reduces AM colonisation on A.
pseudoplatanus saplings. Indeed, shoots and roots of I. glandulifera
contain napthoquinones (Lobstein et al., 2001), which show anti-
microbial and antifungal effects (Ruckli et al., in press). Using the
same plots of the field experiment as in the present study, naptho-
quinones were found in moderate quantities in the soil of plots in-
vaded by I. glandulifera and in very low quantities in plots from
which the invasive plant had been removed but not in soil of unin-
vaded plots (Ruckli et al., in press). The concentrations of these
napthoquinones decreased after the senescence of I. glandulifera
bioassays showed that they reduce the growth of mycorrhizal fun-
gi mycelium (Ruckli et al., in press). These findings support the
hypothesis that allopathic effects of I. glandulifera inhibit AM sym-
biosis. There is evidence from several studies on other invasive
plants that allelopatic compounds disturb mycorrhizal symbiosis
(Roberts and Anderson, 2001; Mummey and Rillig, 2006; Wolfe
et al., 2008; Grove et al., 2012).

Light availability is an important factor for the development of
AM symbiosis on tree species (e.g. McGee and Furby, 1992;
Gehring, 2004). In invaded forest areas, dense stands of I. glandulif-
era could reduce light availability for A. pseudoplatanus saplings. In
the present study, the density of I. glandulifera was considered as a
surrogate for light availability. However, regression analysis
revealed that the density of I. glandulifera had no influence on
the extent of AM colonisation. Thus, the reduced AM colonisation
in invaded plots cannot be explained by differences in light
conditions.

Invasive plants are often highly competitive and exhibit differ-
ent strategies to affect the performance of native plants (Levine
et al., 2003). For example, the invasive shrub Lonicera maackii de-
creased both the survival and growth rates of Acer sacchacrum
and Fagus americana seedlings in a deciduous forest (Gorchov
and Trisel, 2003), and the invasive grass Lolium arundinaceum
and Elaeagnus umbellata reduced the root biomass of Platanus occi-
dentalis (Orr et al., 2005). Similarly, in the present study, I. glandu-
lifera reduced the survival rate and root biomass of A.
pseudoplatanus saplings.

Out shading by invasive plants is assumed to be a key factor for
the reduction of the performance of native trees (Gorchov and Tri-
sel, 2003; Flory and Clay, 2010). Our study showed that the pres-
ence of I. glandulifera influenced both the survival and biomass of

A. pseudoplatanus. However, the negative effect was not amplified
by the density of the invasive plant. In contrast, Ammer et al.
(2011) showed that the presence of I. glandulifera affected neither
growth nor survival of Abies alba and Picea abies saplings. This dis-
crepancy could be explained by species-specific responses or by
the fact that control plots were already sparsely invaded by I. glan-
dulifera in that study. In the present study, I. glandulifera influenced
A. pseudoplatanus growth and survival even at low densities (38
individuals per m2).

Invasive plant species have the potential to alter chemical and
biochemical soil properties that are important for microbial and
plant communities (Weidenhamer and Callaway, 2010). Increases
in soil pH, soil moisture and plant available phosphorus were re-
corded in plots invaded by I. glandulifera. Other studies also
showed that invasive plants increased soil moisture and soil pH
(Suding et al., 2004; Li et al., 2006; Rodgers et al., 2008) as well
as soil phosphorus content (Chapuis-Lardy et al., 2006; Thorpe
et al., 2006; Niu et al., 2007). In the present study, the presence
of I. glandulifera increased hydrolyse activity of FDA, which is a sur-
rogate for both total microbial activity and saprophytic/arbuscular
fungi biomass (Adam and Duncan, 2001; Gaspar et al., 2001). This
finding is in line with the results of Sanon et al. (2009) showing an
increased microbial activity (FDA) in soils invaded by Acacia viridis.
However, the observed changes in soil properties caused by I. glan-
dulifera did not affect AM colonisation and the performance of sap-
lings. Generally, soil phosphorus is considered as key factor for the
development of AM colonisation on host plants (e.g. Demiranda
and Harris, 1994; Schroeder and Janos, 2005). It is possible that
the difference in soil phosphorus content recorded between treat-
ments in the present study was too small to influence AM coloni-
sation. Alternatively, the effect of phosphorus on AM colonisation
may be affected by species-specific characteristics of the host plant
and environmental factors (Weber and Claus, 2000).

Forest disturbance is an additional factor that may influence AM
colonisation of host trees. However, its effect may depend on the
type and severity of disturbance, on the spatial scale and the kind
of response of the AM host plant association (Jasper et al.,1991;
Merryweather and Fitter, 1998; Titus and Leps, 2000). In the pres-
ent study, however, former forest disturbance did not affect AM
colonisation of the A. pseudoplatanus saplings. This could be ex-
plained by the fact that AM mycelium has the potential to regener-
ate within several months after a short-term disturbance (Jasper
et al., 1991; Merryweather and Fitter, 1998).

The findings of the present study demonstrate that I. glandulif-
era negatively affects the performance of A. pseudoplatanus sap-
lings in mixed deciduous forest. The combined effects of altered
soil properties and decreased AM colonisation on saplings may
influence forest regeneration after disturbance and reduce timber
production. To avoid or reduce these negative effects on forest
trees, it is recommended to remove I. glandulifera when the inva-
sive plant is still in the colonising phase.
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CHAPTER 3 
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ABSTRACT 
 

Invasive plants can disrupt the relationship between soil organisms and native plants which 

may result in altered ecosystem functions and/or reduced biodiversity. The ectomycorrhizal 

(EM) symbiosis is important for the growth and survival of the majority of tree species in 

boreal and temperate zones. We examined the effect of the annual invasive plant Impatiens 

glandulifera on the EM-association and performance of Fagus sylvatica saplings at three 

different levels of disturbance in a controlled field experiment. A total of 1188 one-year-old 

saplings with pruned roots were planted in plots invaded by I. glandulifera, in plots from 

which the invasive plant was manually removed and in plots which were not yet colonized by 

the invasive plant. The 54 (3 x 18) plots were equally distributed over three forest areas 

which were differently affected by a wind throw 8 years prior to the experiment. The saplings 

including the full root systems were harvested after 3, 6 and 15 months. A total of 54 EM 

morphotypes were recorded on the saplings' root tips in the different plots. The invasive 

plant reduced EM colonization of F. sylvatica saplings by 30% after 3 months and by 65% 

after 15 months. Furthermore, EM type richness was 32% lower after 15 months and both 

survival and biomass (root and shoot) of saplings were reduced by 18% and 30% in plots 

with I. glandulifera. Saplings growing in plots from which the invasive plant had been 

removed did not differ in EM colonization, number of EM morphotypes and in survival and 

biomass from saplings in uninvaded (control) plots. After 15 months, the EM morphotype 

communities on saplings in invaded plots differed from those in plots with removed invasive 

plants and in uninvaded plots. Former forest disturbance negatively affected EM colonization 

of F. sylvatica saplings but positively influenced their biomass. These findings demonstrate 

for the first time a negative impact of an annual invasive plant on the ectomycorrhizal 

symbiosis and performance of saplings of a forest tree.  

 

Key words: annual plant; disturbance; ectomycorrhiza; Fagus sylvatica; forest; Impatiens 

glandulifera; mycorrhizal symbiosis; non-native plant; plant-soil feedback. 
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INTRODUCTION 

 
The intentional and unintentional introduction of non-native species is considered as a major 

threat for the native biodiversity (Pimentel et al. 2005, Lambdon et al. 2008). Non-native 

species have the potential to affect an ecosystem seriously by changing species diversity, 

community structure and interactions between organisms, sometimes causing extinction of 

native species (Mooney and Hobbs 2000, Kourtev et al. 2002, Fitzpatrick et al. 2010). 

Environmental disturbance is usually assumed to change ecosystem properties providing 

opportunities for non-native species to invade a new area. Disturbance is considered as a 

key factor that facilitates the invasion of non-native species into various habitats (Elton 1958, 

D’Antonio et al. 1999, Hierro et al. 2006, Lockwood et al. 2007). Beside disturbance, other 

factors contribute to the success of non-native species in new areas. For example, there is 

growing evidence that mechanisms changing the composition and abundance of microbial 

soil organism increase the success of some invasive plant species (Richardson et al. 2000, 

Reinhart and Callaway 2006). Invasive plants are able to modify symbiotic interactions 

between microbial soil organisms and native host plants to their own advantage in the 

introduced habitats (Rudgers and Orr 2009, Weidenhamer and Callaway 2010).  

The roots of many plant species develop intimate partnerships with particular soil fungi. 

Symbiosis with mycorrhizal fungi increases both the soil nutrient and water uptake of the 

host plant, strengthens pathogen resistance and protects the host plant during drought 

(Smith and Read 2008). The mycorrhizal symbiosis is a key factor determining the diversity 

of plant communities, their succession dynamics as well as the transport of resources within 

the ecosystem (Allen 1991, Smith and Read 2009, Johnson et al. 2012). Non-native plants 

invading natural communities have the potential to disrupt mycorrhizal symbiosis and/or alter 

the associated soil fungal community (Mummey and Rillig 2006, Wolfe and Klironomas 

2008, Rudgers and Orr 2009). Some invasive species reduce the colonization rate of 

arbuscular mycorrhiza (AM) and/or of ectomycorrhiza (EM) in native plants (Roberts and 

Anderson 2001, Stinson et al. 2006, Wolfe and Klironomas 2008, Meinhardt and Gehring 

2012). Furthermore, the infectivity and viability of native AM-spores can be inhibited by 

invasive plants (Roberts and Anderson 2001, Cantor et al. 2008). 

 EM-symbiosis is one of the key factors for tree growth and vigor influencing the forest 

dynamics (Smith and Read 2008). In disturbed areas, tree saplings maintain EM networks 

which are important for forest regeneration (Egli et al. 2001, Onguene and Kuyper 2002). 

However, there is little knowledge about the impact of invasive plants on the symbiosis  
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between saplings and associated EM-fungi. Impatiens glandulifera (Himalayan balsam), 

native in the western Himalaya, was introduced as garden ornamental plant to Europe and  

North America in the middle of the 19th century (Beerling and Perrins 1993). It became 

naturalized and invasive in riparian and disturbed habitats (Hejda and Pysek 2006). In the 

last decade, I. glandulifera has increasingly invaded deciduous and coniferous forests 

disturbed by wind throws and/or intensive forest management (Nobis 2008). Relatively few 

studies have investigated the potential impact of I. glandulifera on native plant and animal 

communities. The presence of I. glandulifera causes slight changes in the cover of plant 

species and shifts in the species composition in riparian habitats (Maule et al. 2000, Hejda 

and Pysek 2006). Field studies showed that I. glandulifera competes successfully with native 

plants for pollinators, which could lead to a reduced plant fitness (Chittka and Schurkens 

2001).  

 Here, we examined the potential impact of the invasive I. glandulifera on the symbiosis 

between Fagus sylvatica (European beech) saplings and EM fungi. F. sylvatica depends 

obligate on EM fungi. We designed a balanced field experiment with plots placed in patches 

of I. glandulifera, plots from which the invasive plant was regularly removed and plots which 

were not yet colonized by the invasive plant. The three plot types were equally distributed 

over three forest areas that were differently affected by a wind throw 8 years prior to the 

experiment, creating a natural gradient of disturbance. One-year-old non-mycorrhized  F. 

sylvatica saplings planted in the experimental plots were harvested after 3, 6 and 15 months 

to assess I. glandulifera-induced changes in EM colonization, diversity of EM and survival 

and biomass of saplings. We tested the following hypotheses: (1) The invasion of I. 

glandulifera reduces both the EM colonization of fine roots of F. sylvatica saplings and the 

diversity of EM fungi. (2) The invasive plant-induced reduction of EM colonization increases 

with time. (3) The survival and biomass of F. sylvatica saplings are reduced in the presence 

of the invasive plant. (4) The former forest disturbance by the wind throw amplifies the impact 

of I. glandulifera on the symbiosis between F. sylvatica saplings and EM fungi. 
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MATERIALS AND METHODS 
 

Study species 

Impatiens glandulifera is an up to 2.5 m tall annual herb that produces up to 2500 seeds per 

individual (Beerling and Perrins 1993). The seeds are ejected from the fruits via ballochory 

and further dispersed by hydrochory and human activities. Seeds germinate later than the 

native vegetation in the following spring (DAISIE 2012). 

    Fagus sylvatica is the most abundant deciduous tree species in natural forest 

communities in Central Europe (Bolte et al. 2007). Seedlings and saplings of F. sylvatica are  

very shade-tolerant, but also adapted to high irradiation showing considerable phenotypic 

and ecophysiological plasticity (Parelle et al. 2006, Petritan et al. 2007). 

 

Study system and field experiment 

The experiment was carried out in three areas (each measuring 50 m x 180 m) in a mixed 

deciduous forest 15 km south of Basel, northern Switzerland (47°43' N, 7°55' E). In this 

region, the annual temperature averages 9.6 oC and the annual precipitation is 1021 mm 

(Meteo Swiss 2009). The three areas (situated within 1 km2) were differently affected by the 

windstorm Lothar in 1999. Eight years after this storm, we assessed its disturbance intensity 

in the three areas by measuring the canopy closure of the remaining forest trees. One area 

with a canopy closure of 80% was considered as little disturbed, another area with a canopy 

cover of 50% as moderately disturbed, and the remaining area with a canopy closure of 

2.5% as heavily disturbed (Appendix A). Impatiens glandulifera started to invade the forest in 

spring 2000.  

    In spring 2008 (8 years after invasion), we selected six homogenous patches of I. 

glandulifera in each area. In each patch situated 5–10 m apart from each other, we installed 

two 5 m x 5 m plots with similar I. glandulifera cover. One of the two plots was left invaded 

by I. glandulifera (hereafter referred to as invaded). In the other plot all I. glandulifera 

individuals were removed by hand (hereafter referred to as removed) every spring in the 

years 2008–2010. As an additional control, six 5 m x 5 m control plots that were not yet 

invaded by I. glandulifera were selected in close proximity (7–20 m) to the experimental plots 

in each area (referred to as uninvaded). This allows us to control for the slight mechanical 

disturbance of the soil by removing I. glandulifera. To prevent colonization of I. glandulifera 

in the not yet invaded plots, we removed all invasive plants growing in close proximity to  

these plots in 2009 and 2010. The additional control plots did not differ in soil characteristics  

(see below) and were colonized by the invasive plant in summer 2012 (3 years after the  
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initiation of the experiment). Thus, the experimental set-up consisted of 54 plots (18 invaded, 

18 removed and 18 uninvaded) equally distributed over the three areas, which were 

differently affected by the storm. 

    1188 one-year-old Fagus sylvatica saplings obtained from a commercial forest nursery 

(Forstbaumschule Ingold AG; seed origin: Bützberg, Switzerland) were planted in the plots 

(22 saplings per plot) on April 18 and 19, 2009. To minimize potential edge effects the 

saplings were planted in an area of 1 m2 at least 1 m apart from the plot border. Fine roots of 

the F. sylvatica saplings were pruned prior to planting to avoid transplanting EM from the 

nursery into the soil of the experimental plots. An effort was made to ensure that  

the height of the F. sylvatica saplings was similar in all plots (mean ± SE; invaded: 30.53 ± 

0.61 cm, removed: 33.07 ± 0.84 cm, uninvaded: 31.41 ± 0.62 cm).  

    To evaluate any potential influence of soil characteristics on both EM colonization and 

biomass of F. sylvatica saplings, five randomly chosen soil samples were collected in each 

plot using a metal cylinder (soil depth: 5 cm; soil volume: 100 cm3) in October 2009. The five 

soil samples of a plot were pooled, mixed and sieved (mesh width 2 mm). Soil water content 

(%) was determined using the fresh weight/dry weight ratio. Soil pH was measured in 

distilled water (1: 2.5 soil: water; Allen 1989). Soil organic matter content was assessed as 

loss on ignition of oven-dried soil at 700 oC for 24 h. Total soil organic nitrogen content was 

determined using the standard method of Kjeldahl (Allen 1989). Total phosphate was 

assessd using the molybdenum blue method following Allen (1989).  

 

Data collection 

To assess the effect of I. glandulifera on EM colonization and root and shoot biomass of F. 

sylvatica saplings, three saplings were harvested in each plot after 3 months (June 20, 

2009), 6 months (September 20, 2009) and 15 months (June 21, 2010). Saplings with the 

entire root system were carefully dug out, put in plastic bags with soil of the corresponding 

plot and were kept in a climate chamber at 4 oC until examination of EM colonization. The 

number of viable and dead F. sylvatica saplings was recorded at each sampling date. 

    In the lab, roots were separated from shoots. The roots were washed free of soil and 

organic debris. Any adhering material was removed with forceps. For examining the EM 

colonization of each sapling, five living fine roots (diameter < 2 mm, length 4–5 cm) were 

randomly selected. In this subsample, the numbers of mycorrhized and non-mycorrhized 

root tips were counted using a binocular microscope (16 x magnification). Types of EM were  

determined using standard morphological characters, including color, shape and branching 

pattern (Agerer 1987–2002). Distinct EM morphotypes were described for further references 

(Appendix B). The dry weights of the saplings’ shoots and coarse roots (> 2 mm) were  
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determined after oven drying (48 h, 60 oC) and that of the corresponding fine roots after 

lycophilization (48 h, -56 oC). 

 

Statistical analyses 

Statistical analyses were calculated using R 1.12.1 (R Development Core Team, 2010). To 

avoid spatial pseudoreplication, analyses were performed with the mean values of each plot. 

We primarily applied regression analyses to examine the relationships between EM 

colonization and fineroot biomass and between EM morphotypes and the fineroot biomass 

(EM colonization: R2= 0.26, N = 162, P < 0.0001; EM morphotypes: R2= 0.31, N = 162, P = 

0.014). Linear mixed models for temporal pseudoreplication (LME) were used to analyse the 

effect of harvesting time, disturbance intensity, treatment, assessed soil characteristics, total 

biomass and biomass of F. sylvatica roots and shoots on the residuals of EM colonization 

and EM morphotypes. Harvesting time and treatment (invaded, removed, uninvaded) were 

included as fixed factors, plot nested in time as random factor, disturbance intensity, total 

biomass, biomass of F. sylvatica roots and shoots and soil characteristics as cofactors. The 

same structured LME was used to examine whether the invasion of I. glandulifera affects the 

Fisher’s alpha diversity of EM morphotypes. To assess the effect of the invasive plant on 

survival of F. sylvatica saplings and biomass data, we used a similar LME as above, but 

added EM colonization rate and number of EM morphotypes as additional cofactors to the 

model. Harvesting time and treatment (invaded, removed, uninvaded) were included as fixed 

factors and plot nested in time as random factor. If necessary data were log or arsine-

transformed to obtain normally distributed residuals. The linear mixed models were stepwise 

reduced as recommended by Crawley (2007).  

    Permutational multivariate analysis of variance (PERMANOVA; Anderson 2001, 2005, 

McArdle and Anderson 2001) was used to test whether the invasion of I. glandulifera 

affected the EM morphotype community. A preliminary analysis revealed that EM 

morphotype communities on F. sylvatica roots differed among the harvesting times. 

Therefore, data obtained after 3, 6 and 15 months were analyzed separately. In the analyses 

treatment (invaded, removed, uninvaded) was considered as fixed factor and disturbance 

intensity as cofactor. Differences in the structure of EM morphotype communities were 

calculated using Bray-Curtis dissimilarity index. Treatment effects were examined with a  

posteriori pairwise comparison using the PERMANOVA t-statistic. All PERMANOVA tests 

were based on 999 permutations of the untransformed raw data. 
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RESULTS 
 

EM colonization of F. sylvatica saplings 

Invasion of I. glandulifera resulted in a significant reduction of EM colonization on the fine 

roots of F. sylvatica saplings (Table 1, Fig. 1). This reduction increased with the time 

saplings were growing in I. glandulifera plots. After 3 months, EM colonization was 30% 

lower in invaded plots than both in plots from which I. glandulifera had been removed and in 

uninvaded plots (Table 1, Fig. 1). After 6 and 15 months, the reduction of EM colonization 

was 60% and 65%, respectively (Fig. 1). The significant treatment x harvesting time 

interaction indicates that EM colonization was differently reduced after 3, 6 and 15 months 

(Fig. 1). The LME-analyses revealed that EM colonization of saplings increased with 

increasing fine root biomass and that soil moisture did not directly affect EM colonization. 

However, soil moisture differently influenced EM colonization in the different treatments 

(Table 1).  

 

Number of EM morphotypes on F. sylvatica saplings 

A total of 54 EM morphotypes were found on roots of F. sylvatica saplings (Appendix B). 

Considering the different harvesting times, the number of EM morphotypes increased from 

22 after 3 months to 52 after 15 months. Overall, the presence of I. glandulifera reduced the 

number of EM morphotypes (Fig. 2). Saplings growing in invaded plots harbored 15–43% 

fewer EM morphotypes than those growing in the plots with removed I. glandulifera and in 

uninvaded plots (Fig. 2). Fisher’s alpha diversity of EM morphotypes was also reduced by 

the invasion of I. glandulifera (Table 1). Considering all plots, EM diversity decreased with 

time (2.47 ± 0.10 after 3 months, 2.25 ± 0.09 after 6 months, 1.62 ± 0.07 after 15 months; 

Table 2).  

    Considering the fine roots of single saplings, the number of EM morphotypes decreased 

from 6.2 ± 0.2 (mean ± SE) after 3 months, to 5.2 ± 0.2 after 6 months, and 4.4 ± 0.2 after 

15 months. The significant treatment x harvesting time interaction indicates that the number 

of EM morphotypes in the three treatments was differently influenced after 3, 6 and 15 

months. LME-analysis revealed that the number of EM morphotypes also increased with 

increasing fine root biomass (Table 1).  

 

EM morphotype communities on F. sylvatica roots 

The presence of I. glandulifera changed the composition of EM morphotypes in roots of F. 

sylvatica saplings (Table 3). This effect was more pronounced after 6 and 15 months than  
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after 3 months. Furthermore, the EM morphotype composition was influenced by the 

intensity of former forest disturbance (Table 3). Pairwise post hoc tests indicated that the EM 

morphotype composition after 6 and 15 months differed between saplings growing in 

invaded plots and those in plots with removed I. glandulifera as well as between saplings in 

invaded and uninvaded plots (Table 3). In contrast, saplings growing in uninvaded plots did 

not differ in EM morphotype composition from those in plots with removed I. glandulifera 

after 15 months (Table 3).  

 

Survival and biomass of F. sylvatica saplings 

The invasion of I. glandulifera reduced the survival of F. sylvatica saplings (Table 1). After 15 

months, the survival rate of saplings growing in invaded plots was 18% lower than those of 

saplings growing in plots in which I. glandulifera had been removed and in uninvaded plots 

(Tables 1, 2). The time x treatment interaction indicates that survival of F. sylvatica saplings 

was differently affected by the different treatments.  

   The total biomass of F. sylvatica saplings and the biomass of their roots and shoots were 

reduced by 46–71% in plots invaded by I. glandulifera compared to those in plots from which 

the plant had been removed and in uninvaded plots (Table 4, Appendix C).  

 

Effect of former forest disturbance 

The intensity of former forest disturbance affected EM colonization. After 6 and 15 months, 

EM colonization on F. sylvatica saplings in the highly disturbed area was reduced by 11% 

and 21% compared to those in the little and moderately disturbed areas (Table 1, Fig. 1). 

Furthermore, the intensity of former forest disturbance negatively affected the number of EM 

morphotypes. Saplings growing in the highly disturbed area had 19–25% fewer EM 

morphotypes than those growing in the less disturbed forest areas (Table 1, Fig. 2). Fisher’s 

alpha diversity of EM morphotypes was also reduced by the intensity of forest disturbance 

(Table 1). The lowest EM-diversity was found in the highly disturbed forest area (Table 2). 

Furthermore, sapling survival decreased with increasing level of forest disturbance (Tables 

1, 2). Finally, sapling biomass and those of their roots and shoots increased with increasing 

intensity of former forest disturbance (Table 4, Appendix C). 
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DISCUSSION 
 

Our results demonstrate that the invasive plant Impatiens glandulifera reduces the EM 

colonization and number of EM morphotypes and changes the composition of EM 

morphotypes on Fagus sylvatica saplings, which in turn have both a lower biomass and 

reduced survival rate compared to control saplings. The invasive plant-induced changes 

increased with time independent of the intensity of former forest disturbance.  

    There is increasing evidence indicating that invasive plants influence mycorrhizal 

associations of native trees. The reduction in EM colonization recorded in our study (up to 

65%) is, however, somewhat higher than reported in the invasive Alliaria petiolata affecting 

Pinus strobus seedlings (reduction 40–50%; Wolfe et al. 2008), the native invasive Kalmia 

angustifolia influencing Picea mariana (40%; Yamasaki et al. 1998) and in the invasive 

Tamarix spp. on Populus fremontii (50%; Meinhardt and Gehring 2012). However, 

differences in study design, sampling schedule and plant life form should be taken into 

account when different studies on the effects of invasive species on EM association of tree 

species are compared. In contrast to our experimental approach with removal and control, 

the majority of studies are field surveys that either sampled the focal trees at different 

distances from the invasive plant or used soil root samples. Impatiens glandulifera is an 

annual species, while previous studies considered exclusively biennial and perennial 

invasive plants (Yamasaki et al. 1998, Wolfe et al. 2008, Meinhardt and Gehring 2012). The 

pronounced effect of I. glandulifera on EM colonization is therefore surprising. This could be 

explained by a species-specific response of F. sylvatica to the invasive plant. Moreover, 

experimental approaches as used in the present study rule out potential differences in plant 

performance and in historical and initial conditions between invaded and uninvaded plots. 

Controlled field experiments may therefore show more distinct results than field surveys 

disturbed by confounding factors (Hulme and Brenner 2006, Lopezaraiza-Mikel et al. 2007, 

Nienhuis et al. 2009). 

    The effect of I. glandulifera on EM colonization increased with progressive vegetation 

season. The low EM colonization of F. sylvatica saplings recorded in the initial phase of the 

experiment (after 3 months) might be a result of planting saplings with pruned roots. In plots 

with I. glandulifera, however, saplings harvested after 6 and 15 months had a significantly 

reduced EM colonization compared to those sampled after 3 months. After 6 months, F. 

sylvatica saplings growing in control plots without the invasive plant exhibited similar EM 

colonization rates as previously reported in young or mature F. sylvatica trees (Druebert et 

al. 2009, Goicoechea et al. 2009, Beniwal et al. 2011).  
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    We found more than 50 EM morphotypes on F. sylvatica saplings with 4–6 types on single 

saplings. In other beech forests, 30–75 EM morphotypes have been recorded (Buee et al. 

2005, De Roman et al. 2005, Grebenc and Kraigher 2007). Their number depended on 

forest and soil type, season and the particular method used for EM identification. Different 

EM morphotypes may vary in ecological function, e.g. in uptake of specific nutrients (Agerer 

2001, Erland and Taylor 2002). A high diversity of EM morphotypes is therefore beneficial 

for the nutrient uptake, water supply and growth of numerous trees (Baxter and Dighton 

2001, 2005). For example, biomass production of Betula pendula saplings was positively 

related to EM diversity under low fertility conditions (Jonsson et al. 2001). 

    To our knowledge, the potential influence of invasive plants on the EM morphotype 

richness of forest trees has so far not been examined. However, negative effects of invasive 

plants on both AM richness and colonization of trees have been reported. Mummey and 

Rillig (2006) found a decrease in AM diversity in native grasslands caused by the invasive 

plant Centaurea maculosa. Barto et al. (2011) demonstrated that Alliaria petiolata reduced 

the AM colonization on maple seedlings (Acer saccharum), but the invasive plant did not 

alter the AM richness.  

    Our study is the first demonstrating the negative effects of an invasive plant on EM 

colonization and EM diversity and changes in EM morphotype compositions on roots of a 

forest tree. The observed decline in EM morphotype diversity on F. sylvatica saplings in 

invaded plots might be a result of the reduced EM colonization rate, as indicated by the 

correlation analysis. A reduced number of EM morphotypes as well as a shift in the EM 

morphotype composition may have far reaching consequences for the nutrient and water 

supply of the saplings.  

    Fagus sylvatica saplings growing in plots from which I. glandulifera was regularly removed 

showed similar EM colonization rates and EM diversity as those saplings growing in 

uninvaded control plots (Fig. 1). This suggests that allelopathic effects of I. glandulifera could 

inhibit EM symbiosis. Indeed, EM fungi were found to react sensitively to allelochemical 

active compounds detected in leaf litter, plants and roots (Rice 1979, Rose et al. 1983, Cote 

and Thibault 1988). Several studies demonstrated allelopathic effects of invasive plants to 

be the key factor for the disruption of AM (Roberts and Anderson 2001, Callaway et al. 2004, 

Bais et al. 2006, Mummey and Rillig 2006) and EM symbiosis (Wolfe et al. 2008). Impatiens 

glandulifera contains secondary plant compounds with antifungal effects (Lobstein et al. 

2001) indicating that allelopathic effects disturb the EM symbiosis in F. sylvaticus. 

    EM symbiosis facilitates the uptake of soil phosphorus and nitrogen in plants (Smith and 

Read 2008). Weidenhamer and Callaway (2010) showed that invasive plants are able to 

modify soil nutrient composition. In our study, however, we recorded similar P and N  
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concentrations in the topsoil of all treatments. Thus, the observed reduction in EM 

colonization on F. sylvatica saplings was not a result of different soil nutrient concentrations.  

    Soil moisture content is another important factor determining the abundance of single EM 

morphotypes (Shi et al. 2002). In our experiment, soil moisture was 12–18% higher in 

invaded plots than in both types of control plots during the period of I. glandulifera growth 

(data not shown). However, the number of EM morphotypes was not affected by soil 

moisture.  

    Light availability is another crucial factor for the development of EM associations 

(Zelenznik et al. 2007, Druebert et al. 2009). We considered the density of I. glandulifera as 

a surrogate for light availability. Correlation analyses revealed that the density of I. 

glandulifera had no influence on the EM colonization on F. sylvatica saplings, indicating that 

differences in light availability between the treatments were not causing the reduction in EM 

colonization.  

    Fagus sylvatica saplings in invaded plots had not only a reduced EM colonization but also 

a lower survival rate than those growing in control plots. Saplings with a low EM colonization 

might be more vulnerable to pathogen infection resulting in a reduced survivorship (Smith 

and Read 2008). Interestingly, the biomass of saplings was also reduced in invaded plots, 

but the saplings' survival rate was not related to their biomass. In contrast, Ammer et al. 

(2011) reported that I. glandulifera did not affect growth and survival of Abies alba und Pinus 

abies seedlings. This discrepancy could be due to the saplings' species-specific response to 

the invasive plant.  

    Forest disturbances can affect both EM colonization and EM type composition in tree 

species (Egli 2001, Jones 2003). In the present study, the former windstorm influenced the 

EM association of F. sylvatica saplings. EM colonization and the number of EM morphotypes 

decreased with increasing intensity of forest disturbance. The survival rate of the saplings 

was also negatively affected by the intensity of disturbance. In contrast, the larger biomass 

of saplings found in the most disturbed forest areas might be a result of the more favorable 

light conditions for plant growth compared to those of more shady plants in less disturbed 

forest areas.  

     Although the impact of I. glandulifera on native plant species seemed to be less severe 

than that of other invasive species (Hejda and Pysek 2009, Ammer et al. 2011), we provide 

experimental evidence that this invasive plant reduces the survival of F. sylvatica saplings by 

negatively affecting their important EM symbiosis. This effect was similar in the differently 

disturbed forest areas indicating that the reduction of EM symbiosis on F. sylvatica saplings 

by I. glandulifera might be a widespread phenomenon. The spread of I. glandulifera in mixed 

deciduous forests is therefore a serious threat to forest regeneration. Several other tree  
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species are connected to the same EM network as F. sylvatica (Lang et al. 2011). Thus, 

further tree species could be negatively affected by I. glandulifera. In the longterm this may 

result in high economic losses for forestry.  
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TABLES 1 
 2 
 3 
TABLE 1. Summary of the LME analyses on EM colonization, numbers of EM morphotypes, Fisher’s alpha diversity of EM and survival of F. 4 
sylvatica saplings. 5 
 6 
  EM colonization (%)  Number of EM morphotypes  Fisher ‘s alpha   Survival of F. sylvatica (%)  

  df F P  df F P  df  F P  df F P  

Treatment  2,131 101.15 <0.0001  2, 134 102.23 <.0001  2,134 14.19 <.0001  2,132 20.80 <.0001  
Intensity of disturbance  1,131 61.51 0.0001  1, 134 62.17 <.0001  1,134 43.08 <.0001  1,132 6.36 0.0128  
Harvesting time  2,10 23.62 0.0015  2, 10 23.52 0.0002  2,10 35.28 <.0001  2,10 12.39 0.0020  
EM colonization (%)  † † †  † † †  † † †  1,132 15.678 0.0001  
Number of Types of EM  † † †  † † †  † † †  – – –  
Fineroot biomass (mg)  1,131 7.78 0.0097  1,101 7.54 0.0068  1,134 3.47 0.0647  – – –  
Soil moisture (%)  1,131 0.49 0.4524  – – –  – – –  – – –  
Total organic matter (%)  – – –  – – –  – – –  1,133 3.933 0.0494  
Intensity of disturbance x treatment  1,131 0.88 0.1442  4,134 2.31 0.1028  2,134 4.41 0.0140  4,133 2.382 0.0963  
Harvesting time x treatment  4,131 9.00 <0.0001  4,134 5.83 0.0002  4,134 0.87 0.4792  4,133 2.654 0.0358  
Soil moisture x treatment  2,131 3.24 0.0420  – – –  – – –  – – –  

 7 
Notes:  – cofactor was excluded from the model 8 
 † never included in the model  9 
 10 
 11 
 12 
 13 
 14 
 15 
 16 
 17 
 18 
 19 
 20 
 21 
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TABLE 2. Mean ± SE of Fisher’s alpha diversity of EM and survival of F. sylvatica saplings growing in the different treatments (invaded, 22 
removed, uninvaded) in the differently disturbed forest areas at the three harvesting times (n = 6, in each case). 23 
 24 

                                                               Intensity of Disturbance 
 

Harvesting time   little    moderate    high  
  invaded removed uninvaded  invaded removed uninvaded  invaded removed uninvaded 
 
After 3 months 

            

   Fisher’s alpha  2.24 ± 0.27 3.32 ± 0.22 2.90 ± 0.19  2.41 ± 0.26 2.40 ± 0.27 3.06 ± 0.33  1.87 ± 0.07 1.60 ± 0.11 2.46 ± 0.29 
   F. sylvatica survival (%)  73.48 ± 1.40 75.76 ± 6.91 84.85 ± 3.65  73.48 ± 1.40 75.76 ± 6.91 84.85 ± 3.65  73.48 ± 1.40 75.76 ± 6.91 84.85 ± 3.65 
After 6 months             
   Fisher’s alpha  1.84 ± 0.08 2.83 ± 0.12 2.84 ± 0.15  2.17 ± 0.29 2.59 ± 0.31  2.61 ± 0.26  1.48 ± 0.30 1.67 ± 0.01 2.18 ± 0.31 
   F. sylvatica survival (%)  71.97 ± 1.82 74.24 ± 7.58 81.82 ± 4.84  66.67 ± 5.46 90.15 ± 3.79 78.03 ± 6.15  60.61 ± 2.54 65.15 ± 5.46 78.79 ± 3.83 
After 15 months             
   Fisher’s alpha  1.54 ± 0.14 1.95 ± 0.16 1.97 ± 0.27  1.44 ± 0.17 1.86 ± 0.12 1.67 ± 0.30  1.26 ± 0.22 1.41 ± 0.11 1.50 ± 0.16 
   F. sylvatica survival (%)  62.12 ± 3.46 70.45 ± 6.51  67.42 ± 4.61  59.09 ± 4.39 81.81 ± 5.63 75.76 ± 5.71  53.03 ± 9.80 64.39 ± 5.30 70.45 ± 6.29 
             
 25 
 26 
 27 
 28 
 29 

 30 

 31 

 32 

 33 

 34 

 35 

 36 



 50 

TABLE 3. Summary of the PERMANOVAs testing the effects of intensity of disturbance and treatment (invaded, removed, uninvaded) on the 37 
composition of EM morphotypes on F. sylvatica root tips after 3, 6 and 15 months and pairwise post hoc tests between treatments. 38 
 39 
PERMANOVA  3 months  6 months  15 months 
Source df  F P  F P  F P 
Treatment 2  1.54 0.0230  2.31 0.0010  2.50 0.0010 
Intensity of disturbance 1  5.90 0.0010  2.55 0.0010  2.24 0.0030 
Residual 50          
Total 53          
Pairwise post hoc tests between treatments   t P  t P  t P 
removed - invaded   1.28 0.0780  1.58 0.0010  1.63 0.0010 
uninvaded - invaded   1.19 0.1230  1.63 0.0010  1.88 0.0010 
uninvaded - removed   1.26 0.0540  1.33 0.0170  1.13 0.1700 

 40 
 41 
 42 
 43 
 44 
 45 
 46 
 47 
 48 
 49 
 50 
 51 
 52 
 53 
 54 
 55 
 56 
 57 

 58 
 59 
 60 
 61 



 51 

TABLE 4. Summary of LME analyses on various aspects of biomass, the proportions of main root/fine root and shoot/root of F. sylvatica 62 
saplings. 63 
 64 
   Total biomass  Shoot biomass  Root biomass  Mainroot  Fineroot  Mainroot:fineroot  Root:shoot 
  df F P  F P  F P  F P  F P  F P  df F P 
Treatment  2,134 18.28 <.0001  15.88 <.0001  17.39 <.0001  13.11 <.0001  28.59 <.0001  12.51 0.001  2,133 1.58 0.2108 
Intensity of disturbance 
(Id) 

 1,134 45.56 <.0001  25.70 <.0001  57.16 <.0001  59.69 <.0001  13.16 0.0004  2.28 0.133  1,133 17.86 <.0001 

Harvesting time  2,10 18.14 0.0005  20.95 0.0003  14.26 0.0012  5.03 0.0308  98.03 <.0001  63.37 <.0001  2,10 13.32 0.0015 
EM colonization (%)  1,134 3.62  0.059  2.75 0.0996  – –  3.88 0.0509  20.25 <.0001  15.57 0.0001  – – – 
Types of EM  – – –  – –  3.66 0.0579  – –  – –  – –  – – – 
Total phosphor  – – –  – –  – –  – –  – –  – –  1,133 6.54 0.0117 
Total organic matter 
(%) 

 – – –  – –  – –  – –  – –  – –  1,133 4.18 0.0429 

Id:treatment  2,134 0.20   0.822  0.07 0.9313  0.59 0.5548  0.38 0.6846  3.65 0.0287  3.84 0.0219  2,134 2.65 0.0747 
Harvesting time x 
treatment 

 4,134 1.24 0.298  1.79 0.1347  0.74 0.5664  0.62 0.6489  1.98 0.1010  4.465 0.0020  4,134 1.37 0.2480 

 65 
Notes:  – cofactor was excluded from the model 66 
  67 
 68 
 69 
 70 
 71 
 72 
 73 
 74 
 75 
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FIGURE LEGENDS 76 

 77 

FIG. 1. EM colonization (%) of Fagus sylvatica saplings growing in plots invaded by 78 
Impatiens glandulifera, in plots from which the invasive plant had been removed and in 79 
uninvaded plots. The different plots were equally distributed in three differently disturbed 80 
forest areas. Saplings were harvested after 3 months (July 2009), 6 months (September 81 
2009) and 15 months (July 2010). Mean values ± SE of six replicates are shown. Different 82 
letters indicate significant differences among the treatments (invaded, removed, uninvaded) 83 
within each forest area and for each harvesting time. 84 
 85 
FIG. 2. Number of EM morphotypes on the roots of Fagus sylvatica saplings growing in plots 86 
invaded by Impatiens glandulifera, in plots from which the invasive plant had been removed 87 
and in uninvaded plots. The different plots were equally distributed in three differently 88 
disturbed forest areas. Saplings were harvested after 3 months (July 2009), 6 months 89 
(September 2009) and 15 months (July 2010). Mean values ± SE of six replicates are 90 
shown. Different letters indicate significant differences among the treatments (invaded, 91 
removed, uninvaded) within each forest area and for each harvesting time.  92 
 93 
 94 

 95 

 96 
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FIGURE 1 97 



 54 

 FIGURE 2 98 
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 99 

SUPPLEMENTAL MATERIAL 100 

APPENDIX A 101 

Characteristics of the three study areas which were differently disturbed by a windstorm 8 years prior to the present study.  102 
 103 

 104 

 105 
Notes:  Mean values ± SE, n = 18 plots for each intensity of disturbance 106 

P-values resulting from one-way ANOVA or Kruskal-Wallis-test indicating differences between study areas 107 
 108 
a Median and range 109 
b Burnand and Hasspacher (1999) 110 
c Walthert et al. (2004) 111 
d n = 6 112 

 113 

 114 

   
Intensity of disturbance by windstorm 

 

  

  little 
 

moderate high         P 

 
Canopy closure (%) a 

  
80 (50–80) 

 
50 (50–70) 

 
2.5 (0–10) 

  

Forest vegetation type b  Galio oderati-Fagetum luzuletosum Luzulo sylvaticae-Fagetum typicum            Galio oderati-Fagetum luzuletosum   
Soil type c  Eutric haplic luvisol Haplic luvisol Gleyic cambisol   
Ground plant cover (%)  73 ± 4 68 ± 5 83 ± 3  0.046 
Cover of I. glandulifera (%)d  85 ± 11 93 ± 7 82 ± 13  0.186 
Biomass of I. glandulifera (dry weight, gm-2)d  237.9 ± 58.1 243.7 ± 54.9 118.9 ± 28.8  0.085  
Soil pH  4.7 ± 0.04 4.6 ± 0.07 4.7 ± 0.05  0.799 
Soil moisture (%)  21.2 ± 0.8 25.7 ± 1.1 31.6 ± 0.9  <0.0001 
Total soil organic matter (%)  12.8 ± 0.6 16.9 ± 1.1 18.0 ± 1.0  <0.001  
Total phosphorus (µg PSO4

- g-1 soil)  109.6 ± 4.6 161.3 ± 5.4 142.3 ± 3.7  <0.0001 
Total organic nitrogen (%)  0.24 ± 0.01 0.33 ± 0.01 0.35 ± 0.01  <0.0001 
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 115 

APPENDIX B 116 

Morphological description of the ectomycorrhizal (EM) types on Fagus sylvatica saplings. A 117 
total of 1188 saplings were examined. 118 
 119 
EM type   Color  Shape and size of 

mycorrhiza 
 Surface of 

mantle 
 Emanating 

hyphae 
 Rhizomorph

s 
 
1 

  
Whitish 

  
Unramified, straight, 
1-2 x 0.25 mm 

  
Rough 

  
Not specifically 
distributed 
 

  
n.o. 

2    Light orange   Monopodial-pinnate, 
bent, 1 x 0.25 mm 
 

 Smooth  n.o.  n.o. 
 
 

3  Greyish  Unramified, straight, 
0.8 x 0.2 mm 
 

 Shiny  n.o.  n.o. 
 
 

4  Reddish  Pyramidal-pinnate, 
straight, 2 x 1.5 mm 

 Milky covered 
with soil 
particles  
 

 Concentrated 
proximally 

 n.o. 
 
 
 

5  Ochre with 
white ends  

 Monopodial-pinnate, 
straight,                  
1.5-2.5 x 0.3 mm 
 

 Smooth  n.o.  n.o. 
 
 

6  Brown  Unramified, clubbed, 
0.8 x 0.2 mm 

 Densely woolly  Branched, 
concentrated 
distally 

 n.o. 
 
 
 

7  Brown  Unramified, straight, 
0.8 x 0.4 mm 

 Loosely woolly, 
silvery 
 

 Not specifically 
distributed 

 Dark, 
round, 
infrequently 
 

8  Dark  Unramified, sinuous,  
1 x 0.3 mm 
 

 Rough  Not specifically 
distributed 

 Dark, 
round, 
infrequently 
 

9  Orange  Unramified, straight, 
1.5 x 0.4 mm 

 Milky  Lacking only at 
the tip 

 White, fan-
like, 
infrequently 
 

10  Violet  Irregular pinnate, 
bent 
 

 Smooth  n.o  n.o. 
 

11  White  Unramified, round,   
0.2 x 0.2 mm 
 

 Smooth  n.o  n.o. 

12  White  Unramified, straight, 
0.8 x 0.4 mm 

 Shiny, milky, 
 

 Spiny, not 
specifically 
distributed 
 

 n.o. 

13  Brown  Irregular pinnate, 
bent, 1.2 x 0.2 mm 

 Densely woolly, , 
silvery 
 

 Not specifically 
distributed 

 Dark, flat, 
infrequently 
 

14  Reddish  Monopodial-
pyramidal, straight,  
2.5 x 0.5 mm 
 

 Densely cottony, 
silvery 
 

 Not specifically 
distributed 

 White, 
round, 
concentrate
d proximally 

15  Gold-brown 
with dark 
brown spots 
 

 Irregular-pinnate, 
straight, 1.5 x 0.5 
mm  

 Shiny  Not specifically 
distributed 

 n.o. 

16  Red-orange  Unramified, straight, 
2-4 x 0.5 mm 
 

 Glistering  n.o.  n.o. 

17  Dark brown- 
violet 

 Irregular-pinnate, 
slightly bent,              
1-0.2 mm 
 
 

 Smooth, shiny  n.o.  n.o. 



 57 

 
 

18  Ochre-pink 
 
 

 Irregular-pinnate, 
straight, 1.2 x 0.3 
mm 
 

 Densely woolly  Concentrated 
proximally 
 

 n.o. 

19  Yellow- 
orange 
 

 Unramified, straight,   
3 x 0.5 mm 
 

 Smooth  n.o.  n.o. 

 
20 

  
Ochre with 
white ends 
 

  
Unramified, straight, 
0.5 x 0.4 mm 

  
Covered with 
soil particles 
 

  
Concentrated 
proximally 

  
n.o. 

21  Brown  Pyramidal-pinnate, 
straight, 5 x 0.5 mm 
 

 Glistening,  Spiny, not 
specifically 
distributed 

 n.o. 

22    Orange with 
ends 
 

 Unramified, straight,   
2 x 0.3 mm 

 Smooth  n.o.  n.o. 

23  Brown with 
white ends 
 

 Unramified, straight, 
1.0-1.2 mm 

 Smooth  n.o.  n.o. 

24  White  Pyramidal- pinnate, 
straight, 1 x 0.3 mm 
 

 Smooth, milky  n.o.  n.o.  

25  Orange with 
white ends 

 Monopodial pinnate, 
slightly bent,              
3-4 x 0.5 mm 
 

 Smooth  n.o.  n.o. 

26  Dark brown  Irregularly -pinnate, 
straight, 1.5 x 0.2 
mm 
 

 Densely cottony   Golden, not 
specifically 
distributed 
 

 n.o. 

27  Orange with 
dark brown 
spots  
 

 2-0.5 mm  Rough  Not specifically 
distributed 
 

 n.o. 

28  Fair yellow  Unramified, straight, 
1.5-5 x 0.5 mm 

 Spiny  Not specifically 
distributed 
 

 n.o. 

29  Pink  Unramified or 
dichotomous, 2.5 x 
0.3 mm 
 

 Loosely cottony  Lacking only at 
the tip 
 
 

 n.o. 

30  Brown with 
white ends 

 Monopodial-pinnate, 
straight 1 x 0.4 mm 
 

 Loosely short 
spiny 

 Not specifically 
distributed 
 

 n.o. 

31  Dark brown  Irregularly-pinnate, 
straight, 1.5 x 0.5 
mm 
 

 Spiny  Lacking only at 
the tip 
 

 n.o. 

32  Brown with 
dark spots 
 

 Unramified, straight, 
0.2 x 0.1 mm 

 Shiny  n.o. 
 
 

 n.o. 

33  Brown  Unramified, sinuous, 
1.0 x 0.25 mm 
 

 Rough  Not specifically 
distributed 
 

 n.o. 

34  Whitish-pink  Dichotomous, bent, 
1.0 x 0.25 mm 
 

 Transparent, 
milky 

 Not specifically  
distributed 

 White, 
round 
infrequently  

35  Dark brown  Unramified, round,   
0.4 x 0.25 mm 

 Loosely woolly  Not specifically 
distributed 
 

 Grey, 
branched, 
frequently 

 
36 

  
Dark 

  
Monopodial-pinnate, 
straight,                     
0.8-5 x 0.3 mm 
 

  
Glistening, 
woolly 

  
Not specifically 
distributed 
 

  
Dark, 
round, 
frequently 

37  Dark pink  Unramified straight, 
1 x 0.2 mm  
 

 Densely cottony, 
silvery  

 Not specifically 
distributed 

 n.o. 

38  White  Unramified, sinuous, 
1.2 x 0.3 mm 

 Densely cottony, 
silvery 

 Not specifically 
distributed 
 
 

 n.o. 
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39  Dark orange  Dichotomous, 
sinuous, 2.5 x 0.4 
mm 

 Shiny, Smooth  n.o. 
 
 

 n.o. 

40  White with 
dark ends 
 

 Unramified, bent,    
1.5 x 0.4 mm  

 Long spiny  Not specifically 
distributed 
 

 n.o. 

41  Fair yellow  Unramified, pointed, 
1.0 x 0.2 mm  
 

 Glistening,  n.o.  n.o. 

42  Ochre  Unramified, straight, 
1.0 x 0.4 mm 

 Covered with 
soil particles, 
glistening 
 

 Concentrated 
proximally 

 n.o. 

43  Reddish  Monopodial-pinnate, 
straight, 1.5 x 0.25 
mm 
 

 Striped, shiny, 
short spiny 

 Not specifically 
distributed 
 

 n.o. 

44  Pale yellow-
ochre 

 Unramified, straight, 
1.5 x 0.3 mm 
 

 Loosely woolly  Lacking only at 
the tip 
 

 n.o. 

45  Dark yellow  Monopodial-pinnate, 
straight, 1-5 x 0.8 
mm 
 

 Smooth  n.o. 
 
 

 n.o. 

46  Yellow  Unramified, straight, 
1.0 x 0.4 mm 
 

 Glistening  n.o. 
 
 

 n.o. 

47  Whitish  Coralloid, 1 x 0.5 
mm 

 Loosely cottony, 
glistening 

 Not specifically 
distributed 
 

 n.o. 

48  Yellow with 
white ends 

 Unramified or 
Dichotomous, 
straight, 0.8 x 0.25 
mm 
 

 Rough  n.o.  n.o. 

49  Ocher  Irregularly-pinnate, 
bent, 2-3 x 0.5 mm 

 Loosely cottony  Not specifically 
distributed 
 

 n.o. 

50  Grey  Unramified, straight, 
1.2 x 0.2 mm 

 Smooth with 
stripes 
 

 n.o.  n.o. 

51  Yellow, red 
dotted 

 Unramified, straight,  
1 x 0.4 mm  

 Loosely short 
spiny 

 Not specifically 
distributed 
 

 n.o. 

52  Dark with 
white ends 

 Unramified, straight, 
0.8 x 0.2 mm 
 

 Densely long 
spiny 

 Only at the tip 
 

 n.o. 

53  Reddish  Unramified, straight, 
0.6 x 0.2 mm 

 Transparent, 
glistening 

 Not specifically 
distributed 
 

 White, 
round, 
frequently 

54  Bluish  Unramified, straight   Loosely cottony  Not specifically 
distributed 
 

 n.o. 

 
Notes: n.o., not observed  
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 120 

APPENDIX C 121 
 122 

Characteristics of F. sylvatica saplings growing in the three different plots (invaded by Impatiens glandulifera, I. glandulifera removed, 123 
uninvaded) equally distributed over little, moderately and highly disturbed forest areas. Saplings were harvested after 3, 6 and 15 months. 124 
 125 
  Intensity of former forest disturbance 
Harvesting time   little    moderate    high  
  invaded removed uninvaded  invaded removed uninvaded  invaded removed uninvaded 
After 3 months             
   Total biomass (g)  4.53 ± 0.36 5.46 ± 0.38 4.09 ± 0.39  4.34 ± 0.33 5.60 ± 0.63 5.48 ± 0.50  5.42 ± 0.46   8.88 ± 0.6 6.28 ± 0.59 
   Shoot (g)  2.21 ± 0.20 2.62 ± 0.21 1.91 ± 0.23  2.10 ± 0.18 2.87 ± 0.31 2.54 ± 0.22  2.44 ± 0.23   4.22 ± 0.32 2.97 ± 0.37 
   Root (g)  2.33 ± 0.18 2.84 ± 0.20 2.17 ± 0.18  2.23 ± 0.19 2.73 ± 0.33 2.94 ± 0.28  2.98 ± 0.27   4.66 ± 0.34 3.32 ± 0.24 
   Main root (g)  2.15 ± 0.20 2.69 ± 0.20 1.95 ± 0.17   2.09 ± 0.16 2.45 ± 0.30 2.73 ± 0.27   2.77 ± 0.26   4.41 ± 0.33 3.10 ± 0.22 
   Fine root (mg)   179 ± 27  152 ± 12  220 ± 32   142 ± 25  282 ± 46  205 ± 18   214 ± 44   248 ± 15  218 ± 34 
   Root/shoot  1.07 ± 0.07 1.10 ± 0.0 1.17 ± 0.08  1.07 ± 0.06 0.95 ± 0.05 1.15 ± 0.04  1.24 ± 0.09   1.11 ± 0.04 1.15 ± 0.07  
   Fineroot/mainroot  0.09 ± 0.02 0.06 ± 0.01 0.12 ± 0.02   0.07± 0.01 0.12 ± 0.01 0.08 ± 0.00  0.08 ± 0.01   0.06 ± 0.00 0.07 ± 0.01 
After 6 months             
   Total biomass (g)  4.56 ± 0.45 6.09 ± 1.10 5.90 ± 0.50  4.51 ± 0.44 5.77 ± 0.89 5.29 ± 0.72  7.20 ± 0.85   8.41 ± 1.56 7.81 ± 0.64 
   Shoot (g)  2.20 ± 0.25 2.77 ± 0.50 2.60 ± 0.21  2.23 ± 0.24 2.81 ± 0.47 2.48 ± 0.37  3.02 ± 0.42   3.13 ± 0.56 3.24 ± 0.25 
  Root (g)  2.37 ± 0.20 3.32 ± 0.60 3.30 ± 0.35  2.28 ± 0.23 2.95 ± 0.44 2.81 ± 0.37  4.18 ± 0.46   5.27 ± 1.02 4.57 ± 0.40 
   Main root (g)  2.12 ± 0.19 2.98 ± 0.57 2.90 ± 0.31   2.10 ± 0.23 2.66 ± 0.38 2.51 ± 0.31   3.85 ± 0.43   4.66 ± 0.90 4.14 ± 0.36  
   Fine root (mg)   242 ± 32  335 ± 52  404 ± 53   175 ± 25  293 ± 75  294 ± 62   332 ± 41    620 ± 126  428 ± 62 
   Root/shoot  1.10 ± 0.05 1.21 ± 0.07 1.28 ± 0.11  1.04 ± 0.07 1.06 ± 0.07 1.16 ± 0.07  1.45 ± 0.14   1.69 ± 0.15 1.41 ± 0.04 
   Fineroot/mainroot  0.12 ± 0.02 0.12 ± 0.02 0.14 ± 0.01  0.09 ± 0.02 0.11 ± 0.02 0.12 ± 0.01  0.09 ± 0.01   0.14 ± 0.01 0.10 ± 0.01 
After 15 months             
   Total biomass (g)  4.63 ± 0.29 8.58 ± 1.22 7.36 ± 0.64  5.31 ± 0.52 8.94 ± 1.08 7.11 ± 0.75  8.09 ± 1.28 10.67 ± 1.65 9.21 ± 1.27 
   Shoot (g)  2.28 ± 0.18 4.42 ± 0.73 3.36 ± 0.32  2.68 ± 0.34 4.63 ± 0.69 3.49 ± 0.36  3.83 ± 0.51   4.33 ± 0.84 4.33 ± 0.69 
   Root (g)  2.35 ± 0.11 4.16 ± 0.32 3.99 ± 0.32  2.64 ± 0.18 4.31 ± 0.42 3.62 ± 0.40  4.26 ± 048   5.64 ± 0.86 4.89 ± 0.66 
   Main root (g)  2.11 ± 0.09 3.40 ± 0.41 3.08 ± 0.22  2.31 ± 0.23 3.45 ± 0.35 2.74 ± 0.28  2.10 ± 0.23   2.66 ± 0.38 2.51 ± 0.31 
   Fine root (mg)   243 ± 23  765 ± 99  916 ± 135   322 ± 47  863 ± 180  880 ± 135   561 ± 138  1108 ± 269  837 ± 135 
   Root/shoot  1.05 ± 0.06 1.00 ± 0.09 1.20 ± 0.04  1.04 ± 0.09 0.96 ± 0.06 1.04 ± 0.04  1.16 ± 0.07   1.16 ± 0.09 1.18 ± 0.09 
   Fineroot/mainroot  0.12 ± 0.01 0.23 ± 0.02 0.30 ± 0.03  0.16 ± 0.04 0.26 ± 0.07 0.32 ± 0.02  0.15 ± 0.03   0.25 ± 0.06 0.21 ± 0.02 
 126 
Notes:  Means ± SE are given, n = 6 127 
 128 
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Abstract Exploring the effects of allelopathic plant chemicals
on the growth of native vegetation is essential to understand
their ecological roles and importance in exotic plant invasion.
Naphthoquinones have been identified as potential growth
inhibitors produced by Impatiens glandulifera, an exotic an-
nual plant that recently invaded temperate forests in Europe.
However, naphthoquinone release and inhibitory potential
have not been examined. We quantified the naphthoquinone
content in cotyledons, leaves, stems, and roots from plants of
different ages of both the invasive I. glandulifera and native
Impatiens noli-tangere as well as in soil extracts and rainwater
rinsed from leaves of either plant species by using ultra-high
pressure liquid chromatography-mass spectrometry (UHPLC-
MS). We identified the compound 2-methoxy-1,4-
naphthoquinone (2-MNQ) exclusively in plant organs of
I. glandulifera, in resin bags buried into the soil of patches
invaded by I. glandulifera, and in rainwater rinsed from its
leaves. This indicates that 2-MNQ is released from the roots of
I. glandulifera and leached from its leaves by rain. Specific
bioassays using aqueous shoot and root extracts revealed a
strong inhibitory effect on the germination of two native forest
herbs and on the mycelium growth of three ectomycorrhiza
fungi. These findings suggest that the release of 2-MNQ may

contribute to the invasion success of I. glandulifera and sup-
port the novel weapons hypothesis.

Keywords Impatiens glandulifera . Chemical defence .

2-methoxy-1,4-naphthoquinone . Ectomycorrhiza . Invasion

Introduction

Invasions of non-native plant species are a major threat for the
native biodiversity in many ecosystems (Pejchar and Mooney
2009; see Weidenhamer and Callaway 2010, for a review).
Various hypotheses have been proposed to explain the inva-
siveness of non-native plants (e.g., Bakker and Wilson 2001;
Blossey and Notzold 1995; Davis et al. 2000; Keane and
Crawley 2002). The novel weapons hypothesis assumes that
some invasive plant species produce secondary metabolites
that are novel in their non-native ranges, and that this novelty
provides advantages to the invasive as it interacts with native
plants, microbes, or generalist herbivores (Callaway and
Ridenour 2004; Inderjit et al. 2011). An increasing number
of studies provide support for the novel weapons hypothesis
(Abhilasha et al. 2008; Barto et al. 2010; Callaway et al. 2004;
Cantor et al. 2011; Scharfy et al. 2011).

Impatiens glandulifera, an annual plant belonging to the
family Balsaminaceae, was first introduced from the western
Himalaya to Europe as an ornamental garden plant in 1839
(Beerling and Perrins 1993). It became naturalized and invad-
ed riparian habitats in most European countries (Hejda and
Pysek 2006). In the last decade, I. glandulifera has increas-
ingly invaded deciduous and coniferous forests disturbed by
windthrows and/or intensive forest management (Nobis
2008). Impatiens glandulifera negatively affects ecosystems
by competing successfully with native plants for pollinators,
which may reduce native plant fitness (Chittka and Schurkens
2001). I. glandulifera also causes changes in the species
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composition of native plant communities in riparian habitats
(Hejda and Pysek 2006; Maule et al. 2000). In mixed decid-
uous forests, I. glandulifera influences the litter-dwelling gas-
tropod community by increasing soil moisture and dampening
daily soil temperature fluctuations (Ruckli et al. 2013), and
suppresses arbuscular mycorrhiza symbiosis in Acer
pseudoplatanus saplings (Ruckli et al. 2014).

Impatiens glandulifera contains secondary metabolites in-
cluding flavones, caffeic acid derivatives, and naphthoquinones
(oxygen-derivatives of naphthalene) (Lobstein et al. 2001; Šerá
et al. 2005). Naphthoquinones have been the subject of medical
and ecological studies because of their anticarcinogenic prop-
erties (Babula et al. 2009; Devi et al. 1999; Vennerstrom and
Eaton 1988) and their inhibitory effects on fungal spore germi-
nation (Foote et al. 1949; Yang et al. 2001), bacteria growth
(Athip and Pharkphoom 2012), seedling germination and
growth (Terzi 2008), and their negative effects on larval devel-
opment of insects (Lee and Lee 2008; Mitchell et al. 2007).
High levels of 2-methoxy-1,4 naphthoquinone (2-MNQ) were
detected in leaves of I. glandulifera, but not in leaves of the
native Impatiens noli-tangere (Chapelle 1974; Mitchell et al.
2007). Furthermore, Lobstein et al. (2001) found 2-MNQ and
2-hydroxy-1,4 naphthoquinone (lawsone) in leaves and stems
of I. glandulifera plants of different ages. However, it is not
known whether these naphthoquinones also occur in the roots
of I. glandulifera.

In general, phytotoxic substances are released from plants
to the environment by: (1) exudation from roots, (2) leaching
from plants by rain, or (3) decomposition of residues. Aque-
ous shoot extracts of flowering I. glandulifera inhibit germi-
nation success and root length of the native plant Sinapis alba
(Csiszàr et al. 2012), Leucinapis alba, and Brassica napis
(Vrchotová et al. 2011). However, the natural pathway for
release of allelopathic substances by I. glandulifera and the
entire spectrum of inhibitory potential have not yet been
examined. In this study, we investigated the way(s) allelopath-
ic naphthoquinones are released from I. glandulifera plants,
and we explored the inhibitory potential of these substances
on the growth of ectomycorrhiza fungi (EM) and the germi-
nation of native forest plants by using resin bags, plant ex-
tracts, leachate analysis, and bioassays on native plants and
fungi. We addressed the following questions: (1) Do different
plant organs of the invasive I. glandulifera and the native
I. noli-tangere differ in type and content of naphthoquinones?
(2) Do plants of different age (juvenile, flowering, senescent)
in each species differ in naphthoquinone content? (3) Do
naphthoquinones exude from roots into the soil and/or leach
from the foliage by rainwater? (4) Do aqueous shoot and root
extracts obtained from juvenile, flowering, and senescent
I. glandulifera plants contain different amounts of
naphthoquinones? (5) Do aqueous shoot and root extracts of
the invasive I. glandulifera reduce the germination success of
native herbaceous plant species and mycelium growth of EM

fungi? (6) Does synthetic naphthoquinone affect mycelium
growth of EM fungi?

Methods and Materials

Plant Sampling Invasive I. glandulifera and native I. noli-
tangere were sampled in April (seedlings), May and June
(juvenile plants), July (flowering plants), September (fruiting
plants), October (senescent plants), and in November 2011
(partly decomposed plants) (online resource 1). Samples
consisting of 3–7 individuals were collected in an area mea-
suring 50×50 m in a semi-natural beech forest near Basel
(47°26′ N, 7°33′ E). The plants were transported on ice to the
laboratory, where cotyledons, leaves, stems, and roots were
separated and lyophilized for 72 hr (VirTis BenchTop 2K, SP
Industries; US). Dried samples were ground with a ball mill
(Retsch MM200, Schieritz & Hauenstein AG, Switzerland),
and 5–60 mg of the ground material were mixed with 1 ml
methanol:water (4:1, v/v) and incubated at ambient tempera-
ture for 30 min before centrifuging for 15 min at 16,000 rpm
and removing the supernatants for storage at −20 °C.

Sampling of Plant Exudates We used the slightly modified
protocol of Ens et al. (2010) to measure the naphthoquinones
released by I. glandulifera into the soil. Cotton fabric bags
(7.5×5 cm) were filled with 10 g of Amberlite® XAD4
(Sigma-Aldrich, Switzerland), washed with distilled water,
and then twice with dichloromethane (DCM, HPLC grade),
dried for 24 hr at 40 °C, and stored in an air-tight glass jar prior
to exposure in soil.

To assess the effectiveness of the resin bag technique, we
measured the percentages of adsorption and recovery of 2-
MNQ released in water by placing five resin bags in a 0.01 %
2-MNQ (Sigma-Aldrich, Switzerland) solution for 24 hr. Ad-
sorption averaged 74.0±5.6 %, and subsequent recovery with
DCM after 24 hr was 90.1±6.3 %. This indicates that the
effectiveness of the resin bag technique was approximately
67 %.

Exudates released by I. glandulifera plants of different ages
were sampled in three areas adjacent to the sampling site
described above. In each forest area, three homogeneous
patches invaded by I. glandulifera and three patches not
colonized by the plant were selected. In each patch, two resin
bags were buried 10–15 cm below ground surface. Bags were
exposed for 20 days from 17 May to 6 June 2011 (seedling
and juvenile stage), 17 July to 7 August 2011 (flowering
stage), 18 October to 7 November 2011 (senescent stage),
and 16 January to 6 February 2012 (partly decomposing stage;
online resource 1). Afterwards, the bags were transported on
ice to the lab and stored at −80 °C. Some bags were lost: in all
121 out of 144 bags were recovered.
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To extract the adsorbed plant exudates, we placed 5 bags
into a conical flask containing 250 ml DCM. The sealed flasks
were shaken at ambient temperature for 24 hr, the solution was
filtered and evaporated to dryness under reduced pressure at
40 °C. The residue was mixed with 1 ml methanol:water (4:1,
v/v),incubated at ambient temperature for 30 min, and centri-
fuged for 15 min at 16,000 rpm. Before recovery, the super-
natants were stored at −20 °C until required. The controls were
five clean resin bags that had been kept in a sealed glass jar for
20 days.

Rainwater Sampling To examine whether naphthoquinones
of I. glandulifera could be leached by rain, we collected
rainwater during the flowering stage of the plant on 2 days in
July 2011 (online resource 1). Five patches with I. glandulifera
and five patches with no invasive plants were chosen. A plastic
tray (21×9×10 cm) covered with a net to prevent contamina-
tion by falling foliage was placed prior to rainfall both under
I. glandulifera (in invaded plots) and under native vegetation
(in uninvaded plots). Samples of 50 ml of rainwater were
obtained from each plastic tray immediately after an abundant
rain, transferred to separatory funnels, and mixed with 50 ml
DCM in order to collect the organic-soluble phase for analyses
as described below.

Mass Spectrometry Analyses Naphthoquinones were ana-
lyzed by ultra-high pressure liquid chromatography/mass
spectrometry (UHPLC/MS) using an Acquity UPLC™ sys-
tem (Waters, Milford, MA, USA) coupled to a Synapt G2
MS QTOF (Waters, Milford, MA) equipped with an atmo-
spheric pressure chemical ionization (APCI) source. An
Acquity BEH C18 column (50×2.1 mm, 1.7 μm) was used
under the following conditions: solvent A = water; solvent
B = acetonitrile; 5–52.5 % B in 2.0 min, 52.5–100 % B in
0.5 min, holding at 100 % B for 1.0 min, re-equilibration at
5 % B for 0.9 min. The flow rate was set to 700 μl min−1,
and the injection volume was 2.5 μl. The temperatures of
the column and of the autosampler chamber were main-
tained at 30 and 15 °C, respectively. Data were acquired
with a scan time of 0.4 sec over an m/z range of 85–600 Da
in the negative ion MS mode. The corona current was set to
20 μA and the cone voltage to 30 V. The source temperature
was maintained at 120 °C and the APCI probe temperature
at 370 °C. The desolvation gas flow was set to 800 L hr−1.
To quantify the different naphthoquinones in each sample,
standard calibration curves obtained from different concen-
trations of synthetic 1,4-naphthoquinone, 2-hydroxy-1,4-
naphthoquinone, 5-hydroxy-1,4-naphthoquinone, and 2-
me thoxy -1 ,4 - naph thoqu inone (S igma -A ld r i ch ,
Switzerland) were used.

Preparation of Aqueous Extracts for Bioassays Shoot and
root material of I. glandulifera was collected from juvenile

plants in May, from flowering plants in July and senescent
plants in October 2011 (online resource 1). The tissue samples
(300 g fresh weight) were soaked in 1 l of distilled water at
ambient temperature for 48 hr, filtered twice through cheese-
cloth and then under pressure through a Millipore®-mem-
brane (0.45 μm) to prevent potential contamination by micro-
organisms. Three samples of 1 ml of each stock solution were
stored at −20 °C.

Seed Bioassays The phytotoxic effect of aqueous shoot and
root extracts of I. glandulifera on the germination of two
native plants (Hieracium murorum and Scrophularia nodosa)
growing in the same forest was tested in a seed bioassay. Stock
extracts (shoot or root) of juvenile, flowering and senescent
I. glandulifera were diluted with distilled water to obtain
concentrations of 0.250, 0.125, and 0.0625 g of fresh weight
of plant tissue per ml.

Twenty-five surface-sterilized seeds of H. murorum or
S. nodosa were placed on a filter paper in a petri dish
(90 mm, Roth AG, Switzerland) before adding 3 ml of test
solutions or distilled water (control) and sealing the dishes
twice with parafilm for incubation in a climate chamber at 22/
15 °C with a light:dark cycle of 16:8 hr for 20 days. All dishes
were checked for germinated seeds at the end of the experi-
ment. Three replicates of each test solution and control were
prepared for each plant species, resulting in a total of 126 petri
dishes. Inhibition/stimulation on germination was calculated
following Chung et al. (2001):

inhibition=stimulation ¼ t−c=cð Þ $ 100 in %ð Þ

where t is the percentage germination measured in dishes
exposed to different extract concentrations and c represents
the mean of the percentage germination of the corresponding
controls.

Mycelium Growth Bioassays Potential inhibitory effects of
aqueous shoot and root extracts of juvenile, flowering, and
senescent I. glandulifera were tested on the mycelium
growth of three EM fungi (Pisolithus tinctorius, Lactarius
subdulci, and Laccaria bicolore) typical for beech forests.
Modified Melin-Norkrans (MMN) agar (Marx 1969) con-
taining the same concentrations of plant tissue extracts
(0.250, 0.125, and 0.0625 g fresh weight per ml agar) as
used in the seed bioassay was prepared, and used to fill Petri
dishes with 20 ml agar. As a control, MNN agar was
prepared with sterilized water. A fungal plug (diam 4 mm)
was placed in the center of each petri dish before sealing the
dishes twice with parafilm. Three replicates of each agar
solution and control were prepared for each fungal species,
resulting in a total of 189 petri dishes.
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Dishes were incubated in a climate chamber at 26 °C in
darkness for 45 days. The area covered by the mycelium (mm2)
was recorded by drawing its circumference on the top of each
petri dish at the end of the experiment, and its area was
measured by using Image J (Rasband 1997–2012). Inhibition/
stimulation of mycelium growth was calculated as described
above.

Synthetic 2-Methoxy-1,4-Naphthoquinone on Mycelium
Growth MMN agar solutions containing 0.1, 0.3, 1, and
3 μg of synthetic 2-MNQ (Sigma-Aldrich, Switzerland) per
ml agar were prepared to assess its phytotoxic effect on the
mycelium growth of the three EM fungi at concentrations
similar to the levels in soils, based on the resin bag analysis
(Table 1) and the levels in aqueous shoot extracts of the
invasive plant (Table 2). For each EM fungi, we prepared
three replicates of each concentration and control resulting in
a total of 45 dishes. Inhibition was calculated as in the myce-
lium growth bioassay.

Statistical Analyses All analyses were carried out using R (R
Development Core Team 2012, version 2.15.1). ANOVAwas
used to examine the effects of I. glandulifera plant stage
(juvenile, flowering, and senescent), type of plant material
(root or shoot), and concentration of extracts (0.0625, 0.125,
and 0.250 g plant material/ml) on inhibition/stimulation (in %)
of germination of H. murorum and S. nodosa or on mycelium
growth of L. bicolore, L. subdulci, and P. tinctorius. Student’s
t-tests were used to examine whether the inhibition/
stimulation (in %) of the different extract concentrations sig-
nificantly deviated from zero. Spearman rank correlation was
applied to examine whether inhibition/stimulation (%) was
related to the 2-MNQ content found in aqueous shoot extracts
of all plant stages of I. glandulifera.

Results

Naphthoquinones in Plants 2-Methoxy-1,4-naphthoquinone
(2-MNQ) was identified in leaves, stems, and roots of
I. glandulifera, but not in cotyledons (Fig. 1a–c). Overall,
the concentration of 2-MNQ (% dry weight) in leaves of
I. glandulifera was up to 10–15 times higher than in roots
and stems and declined with plant age (Fig. 1a–c). In contrast,
2-hydroxy-1,4-naphthoquinone (lawsone) was found only in
roots of I. glandulifera in the senescent stage. In the native

Table 1 Amount (mean ± SE) of
2-methoxy-1,4-naphthoquinone
(2-MNQ) and 1,4-naphthoquinone
(NQ) determined in resin bags
buried for 20 days in the soil 5–
10 cm from Impatiens glandulifera
plants of different ages

Plant age 2-MNQ [μg per bag] NQ [μg per bag] Number of bags

Seedling/juvenile 0.701±0.273 0.483±0.289 31

Flowering 0.321±0.167 0.295±0.098 36

Senescent 1.304±0.365 0.216±0.067 36

Decomposed 0.102±0.102 not detected 18

Table 2 Amount (mean ± SE, N=5) of 2-methoxy-1,4-naphthoquinone
(2-MNQ) determined in aqueous shoot extracts of Impatiens glandulifera
of different ages (300 g fresh weight of shoot tissue extracted with 1 l of
water)

Plant age 2-MNQ [μg per ml]

Seedling/juvenile 14.64±1.55

Flowering 9.03±0.07

Senescent 4.41±0.14
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Fig. 1 Concentrations of 2-methoxy-1,4-naphthoquinone (2-MNQ) in
leaves (a), stems (b), and roots (c) of Impatiens glandulifera, for plants of
different ages. SED seedlings in April; JUI juveniles in May; JUII
juveniles in June; FLW flowering plants in July; FRU fruiting plants in
August; SEC senescent plants in October; DEC decomposing plants in
November
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I. noli-tangere, lawsone was identified in leaves of flowering
(mean ± SE in each case, N=5; 0.018±0.005 %) and fruiting
(0.082±0.005 %) individuals and in roots of senescent plants
(0.012±0.002 %).

Naphthoquinones in Soil Extracts, Rainwater, and Aqueous
Extracts 2-MNQ and 1,4-naphthoquinone (NQ) from plant
exudates of I. glandulifera were determined by using resin
bags (Table 1). The amount of 2-MNQ determined per bag
varied among plants of different ages. In contrast, the amount
of NQ declined with plant age (Table 1). 2-MNQ and NQ
were not detected in resin bags buried under native forest
vegetation.

2-MNQ also was found in rainwater rinsed from
I . g landul i fera leaves (mean ± SE = 12.21 ±
3.01 μg ml−1), but not in rainwater rinsed from native
forest vegetation.

In aqueous extracts of I. glandulifera shoots, the concen-
tration of 2-MNQ (μg/ml) declined from the juvenile to the

senescent stage (Table 2). However, 2-MNQ was not detected
in the aqueous root extracts.

Seed Bioassays Germination of H. murorum and S. nodosa
seeds was inhibited to a different extent by aqueous extracts
obtained from I. glandulifera plants of different ages (Fig. 2,
Tukey HSD tests P<0.05, online resource 2). Shoot extracts
of the invasive plant had a significantly higher inhibitory
effect on seed germination of both native species than root
extracts (Fig. 2, online resource 2). Only the most concen-
trated shoot extract obtained from juvenile plants signifi-
cantly inhibited seed germination of H. murorum (Fig. 2).
Similarly, seeds of S. nodosa were significantly inhibited
by 42 and 85 % in the two most concentrated aqueous shoot
extracts obtained from juvenile plants (Fig. 2). In contrast,
the germination of S. nodosa seeds was differently affected
by root extracts obtained from plants of different ages. The
most concentrated root extract obtained from senescent
plants resulted in a 55 % stimulation of seed germination
in S. nodosa (Fig. 2, online resource 2). Inhibition of seed
germination (%) in both species increased with increasing
2-MNQ concentrations in shoot extracts (H. murorum; rs=
−0.633, N=18, P<0.001; S. nodosa; rs=−0.503, N=18,
P<0.001; online resource 3).

Mycelium Growth Bioassays Aqueous extracts inhibited my-
celium growth (%) in all three EM species (L. bicolore,
L. subdulci and P. tinctorius) with a significant dependence
on the age of the invasive plant (Tukey HSD tests P<0.05,
online resource 4). Shoot extracts had a significantly higher
inhibitory effect on mycelium growth than root extracts
(Fig. 3, online resource 4). All concentrations of shoot extracts
from juvenile plants inhibited mycelium growth by 100 %,
while corresponding root extracts did not affect mycelium
growth of the fungi examined (Fig. 3, online resource 4).
Moreover, mycelium growth of L. bicolore and P. tinctorius
was significantly inhibited by root extracts from flowering and
senescent plants (Fig. 3), independent of their concentrations.
In contrast, inhibition of mycelium growth (%) in L. subdulci
was significantly reduced by the most concentrated root ex-
tract from flowering plants and as well as by root extracts from
senescent plants (Fig. 3).

Mycelium growth decreased with increasing 2-MNQ
concentrations in aqueous shoot extracts (L. bicolore; rs=
−0.826, N=18, P<0.001; L. subdulci; rs=−0.837, N=18,
P<0.001; P. tinctorius; rs=−0.845, N=18, P<0.001; online
resource 5).

Synthetic 2-MNQ Mycelium growth of all three fungal spe-
cies was significantly inhibited when synthetic 2-MNQ was
added to the growth medium. In all species, fungal growth
decreased with increasing 2-MNQ concentration (Fig. 4, on-
line resources 4).
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Age of Impatiens glandulifera

B)

A)

Fig. 2 Inhibition/stimulation of seed germination (%) (mean ± SE) for
Hieracium murorum and Scrophularia nodosa by aqueous shoot (a) or
root (b) extracts of Impatiens glandulifera plants of different ages. Con-
centrations of shoot or root tissue in different extracts were 0.0625 g/ml
(white bars), 0.125 g/ml (light grey bars), and 0.250 g/ml (dark grey
bars). Values are presented as percentage difference to the controls.
Student’s t-test was used to examine significant deviations from zero (*
indicates P<0.05)
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Discussion

We observed organ-specific occurrence of 2-MNQ with the
highest concentrations in leaves, confirming previous studies
(Chapelle 1974; Lobstein et al. 2001) Furthermore, our study
demonstrated 2-MNQ in roots of I. glandulifera for the first
time. The 2-MNQ concentrations found in leaves of the inva-
sive plant were 21 times higher than those detected in leaves
of the native I. noli-tangere (Lobstein et al. 2001). The high 2-
MNQ concentration in leaves could protect the invasive plant
against phytophageous insects (Mitchell et al. 2007).

The 2-MNQ content of leaves, stems, and roots decreases
with plant age, and is highest in seedlings. Thus, 2-MNQmay
facilitate the establishment of young invasive plants because
the germination of I. glandulifera occurs later in the season
than the germination of most native plants in this habitat.

In the present study, lawsone was detected only in low
quantities in root tissue of I. glandulifera in the senescent
stage. Similarly, Chapelle (1974) found no lawsone in
I. glandulifera leaves. In contrast, Lobstein et al. (2001)
detected high quantities of lawsone in leaves, stems, and
flowers of I. glandulifera. In the native species I. noli-tangere,
lawsone was not detected in leaves in our study or by Chapelle
(1974). However, our results contrast with those of Lobstein
et al. (2001) who found low quantities of this naphthoquinone
in flowering plants. Most probably, the differences in quanti-
ties and types of naphthoquinone reported are a result of
different sample preparation methods and analytical tech-
niques used for the determination of naphthoquinone content.

Our results show that 2-MNQ is released from the invasive
plant by exuding from roots and leaching from leaves. Rain-
water rinsed from I. glandulifera leaves contained 2-MNQ,
while water rinsed from native vegetation did not contain this
compound. Foliage leaching of allelopathic compounds has
been demonstrated in other plants, e.g., juglone from Juglans
nigra (Rietveld 1983) and canopy leachates from Acacia
dealbata, an invasive tree (Lorenzo et al. 2011). Furthermore,
several invasive plants exude allelopathic compounds from
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Fig. 3 Inhibition/stimulation of
mycelium growth (%) (mean ±
SE) for the fungi Laccaria
bicolore, Lactarius subdulci, and
Pisolithus tinctorius by aqueous
shoot (a) or root (b) extracts
obtained from Impatiens
glandulifera plants of different
ages. Concentrations of shoot or
root tissue in extracts were
0.0625 g/ml (white bars), 0.125 g/
ml (light grey bars) and 0.250 g/
ml (dark grey bars). Values are
presented as percentage
difference to the controls.
Student’s t-test was used to
examine significant deviations
from zero (* indicates P<0.05)

 *  *

 *

 * *
 *

 *

 *  *

 *

 *

In
hi

bi
tio

n 
of

 m
yc

el
iu

m
 g

ro
w

th
 (

%
)

Fig. 4 Inhibition of mycelium growth (%) (mean ± SE) for the fungi
Laccaria bicolore, Lactarius subdulci, and Pisolithus tinctorius in re-
sponse to different 2-MNQ concentrations. Values are presented as per-
centage difference to the controls. Student’s t-test was used to examine
significant deviations from zero (* indicates P<0.05)
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roots (e.g. benzyl-isothiocyanate, Vaughn and Berhow 1999;
(±)catechin, Cal laway and Aschehoug 2000; 8-
hydroxyquinoline, Inderjit et al. 2010). However, the present
study is the first to demonstrate in situ the release of a potential
allelopathic compound from both leaves and roots. Our data
suggest that I. glanduliferamodifies the chemical composition
of the soil.

We found NQ in resin bags buried under invasive plants
but could not detect it in any plant organ of I. glandulifera.
Soil microbes modify chemical compounds that are released
from plants into the soil (Inderjit 2005). Thus, soil microbes
could degrade 2-MNQ to NQ by an unknown pathway. Deg-
radation of the naphthoquinone juglone has been described
(Müller and Lingens 1988; Rettenmaier and Lingens 1985).
The seasonal variation of naphthoquinone amounts recorded
in plant exudates of invaded soils could be explained partly by
the seasonal variation in the activity of the microbial commu-
nity (Kauri 1982).

Aqueous extracts frequently are used to examine the inhib-
itory effect of a compound on other organisms (e.g., Dorning
and Cipollini 2006; Sun et al. 2006). It is essential to test
different concentrations of the compound to entirely explore
its inhibitory potential. In our study, the concentration of 2-
MNQ found in aqueous extracts of I. glandulifera shoots
declined in the course of the growing season. Surprisingly,
we did not detect 2-MNQ in aqueous root extracts of plants of
any age, although we found it in methanolic extracts of root
tissues, suggesting that 2-MNQ stored in root tissues is less
efficiently extracted in water than in methanol (80 %).

It previously has been shown that aqueous shoot extracts
obtained from flowering I. glandulifera inhibit the germina-
tion of Sinapis alba (Csiszàr et al. 2012), Leucinapis alba, and
Brassica napis (Vrchotová et al. 2011). In our study, high
concentrations of shoot extracts from juvenile I. glandulifera
had an inhibitory effect on the germination of the native forest
plants H. murorum and S. nodosa. In contrast, aqueous ex-
tracts obtained from flowering I. glandulifera shoots and roots
did not affect germination of either plant. The results correlate
well with the concentrations of 2-NMQ measured in extracts
used for the bioassays. Furthermore, H. murorum and
S. nodosa are generalist species and may, therefore, react less
sensitively to phytotoxic compounds than more specialized
plant species. Our study extends the present knowledge on the
inhibitory effect of 2-MNQ by showing that high concentra-
tions of this compound inhibit germination of native forest
plants.

Ectomycorrhiza fungi are sensitive to allelochemical com-
pounds in leaf litter, plant tissue and roots (Cote and Thibault
1988; Rice 1979; Rose et al. 1983). In the invasive plant
Alliaria petiolata, allelopathic compounds disrupt the associ-
ation between EM fungi and their hosts (Wolfe et al. 2008). 2-
MNQ is known for its allelopathic effect on fungal spore
germination (Foote et al. 1949; Yang et al. 2001). In our study,

EM fungi responded more sensitively than seeds of the plants
species examined when exposed to the same concentrations of
shoot and root extracts of I. glandulifera. Furthermore, myce-
lium growth of all fungi was affected to a similar extent by
extracts of I. glandulifera. In general, shoot extracts had a
stronger inhibitory effect on mycelium growth than root ex-
tracts. Extracts from roots of juvenile I. glandulifera were not
inhibitory to mycelium growth of the EM species examined.
This suggests that compounds other than 2-MNQ are active
inhibitors of mycelium growth during the flowering and se-
nescent stages of I. glandulifera. For example, degraded phe-
nolic compounds could contribute to the reduction of myceli-
um growth.

Invasive plants including Alliaria petiolata and Centaurea
maculosa produce allelopathic compounds that are novel in
their non-native range and reduce the germination and growth
of native plants (Callaway and Ridenour 2004; He et al.
2009). This phenomenon has been described by the novel
weapons hypothesis. A similar mechanism could be respon-
sible for the invasion success of I. glandulifera. The negative
effect of 2-MNQ on herb germination and mycelium growth,
and the absence of the compound in soils without
I. glandulifera suggest that 2-MNQ could indeed be a “novel
chemical weapon”.
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GENERAL DISCUSSION 

 

The presence of I. glandulifera affects above- and below ground organisms by direct and 

indirect mechanisms. Changes in soil conditions affect gastropod richness and abundance 

directly whereas allelophatic compounds leaching from leaves of the invasive plant and 

exuding from roots indirectly reduces mycelium growth of ectomycorrhiza fungi. 

    In my study, soil moisture was higher in invaded plots and in plots in which I. glandulifera 

was removed than in uninvaded plots. Thus, it is not surprising that I found more gastropod 

species in patches which retained soil moisture. In the highly disturbed area, fluctuations of 

daily air and soil temperature were dampened in invaded plots compared to the other plot 

types (Chapter 1). Under these conditions, dense stands of I. glandulifera may providing a 

favourable microclimate for terrestrial gastropods with higher soil moisture and lower 

temperature fluctuations (Boag 1990, Hawkins et al. 1998). Thus, several gastropod species 

might be attracted by the moister conditions in areas invaded by I. glandulifera, resulting in 

higher gastropod richness and abundance. However, I could also show in Chapter 1 that 

gastropod communities in invaded plots were slightly altered in invaded plots and the 

proportion of typical forest species was reduced in these plots. Thus, the presence of I. 

glandulifera has the potential to alter the gastropod community at the expense of native 

forest species. This could influence ecological habitat functions, because gastropods play an 

important role as detritivores of leaf litter and senescent plants (Mason 1970, Wallwork 

1976). Like gastropod diversity, mycorrhizal fungi are indicators for changes in habitat 

conditions. In Chapter 3, I demonstrated that ectomycorrhizal (EM) morphotype 

communities were changed with a reduced diversity of EM morphotypes on F. sylvatica 

saplings fine roots growing in invaded plots. Different EM morphotypes vary in ecological 

functions, e.g. in the uptake of specific nutrients (Agerer 2001, Erland and Taylor 2002). 

Thus, a low diversity of EM morphotypes has negative effects on the nutrient uptake, water 

supply and growth of numerous trees (Baxter and Dighton 2001, 2005). The observed 

decline in EM morphotypes diversity on F. sylvatica saplings in invaded plot might be a 

result of the reduced EM colonisation on F. sylvatica saplings. Saplings with low colonisation 

might be more vulnerable to pathogen infections and might have less access to nutrients, 

resulting in a reduced survival rate and biomass of saplings. Similarly, I found a decreased 

colonisation rate and both reduced survival and biomass in saplings of A. pseudoplatanus 

(Chapter 2). 
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    Measured changes in soil conditions did not affect mycorrhizal colonisation and 

performance of both sapling species. Therefore other mechanisms may contribute to the 

decrease of mycorrhizal colonisation and the reduction of the saplings’ performance. 

Interestingly, saplings growing in plots from which I. glandulifera was regularly removed 

showed similar mycorrhizal colonisation and survival rates as control plots. This suggests 

that allopathic effects of I. glandulifera could inhibit mycorrhizal symbiosis of saplings. 

Mycorrhizal fungi were known to react sensitively to allelochemicals compounds detected in 

leaf litter, plant and roots (Rice 1979, Rose et al. 1983, Cote and Thibault 1988). In Chapter 

4 I found the allelophatic compound 2-methoxy-1,4-naphtoquinone (2-MNQ) in different plant 

parts of I. glandulifera. 2-MNQ is released from the invasive plant by exuding from roots and 

leaching from leaves. Leave leaching of allelopathic compounds has been demonstrated in 

other plant species, e.g. Juglone from Juglans nigra (Rietveld 1983) and canopy leachates 

from Acacia dealbata, an invasive tree (Lorenzo et al. 2011). Furthermore, several invasive 

plants exude allelopathic compounds from roots (e.g. benzyl-isothiocynat, Vaughn and 

Berhow 1999; (±)catechin, Callaway and Aschehoug 2000; 8-hydroxquinoline, Inderjit et al. 

2010). Furher, in a laboratory experiment synthetic 2-MNQ affected mycelium growth in a 

similar negative way as aqueous extracts obtained from I. glandulifera containing 2-MNQ. 

This indicates that the antifungal 2-MNQ plays a curial role in the inhibition of mycelium 

growth. Considering the field experiments presented in Chapter 2 and 3, 2-MNQ exudate by 

roots and leached from leaves of I. glandulifera could lead to the reduced mycorrhizal 

colonisation on the saplings examined. The additional negative effects of 2-MNQ on herb 

germination and the absence of the compound in soils without I. glandulifera indicates that 

2-MNQ is an candidate for a “novel chemical weapon”. However, other hypotheses about 

the success of invasive plant cannot be excluded. For I. glandulifera, also disturbance 

seems to play an important role for its spread.  

    The spread of I. glandulifera in deciduous forests is a serious threat for forest diversity 

and forest regeneration, especially given that mycorrhizal symbiosis is a key factor that 

determines the diversity of plant communities, succession dynamics as well as the resource 

transport within the ecosystem (Smith and Read, 2009). The combined effects of altered soil 

properties, deceased mycorrhizal colonisation of saplings and shifts in above and 

belowground communities caused by I. glandulifera may influenced forest function and 

regeneration after disturbance and reduce timber production. To avoid or reduce such 

negative effects on forest diversity, it is recommended to remove the invasive plant in the 

colonising phase, since the initial state of forest habitat can be recovered by removal of I. 

glandulifera. 
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