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Abstract The impact of exotic annual Impatiens

glandulifera on invaded European vegetation is

ambiguous; there are studies reporting considerable

negative as well as weak or even no impact of this

invader on species richness and diversity of the

invaded communities. The effect of invasion by I.

glandulifera on species richness, diversity and the

composition of resident vegetation was studied in the

northern foothills of the Tatra Mountains in southern

Poland. Two approaches were used: comparing diver-

sity measures of the invaded and uninvaded plots and

analysing changes in species richness and diversity in

plots grouped according to increasing cover percent-

age of I. glandulifera. Invaded plots harboured 0.27

fewer species per 4 m2 and had significantly reduced

values of the Shannon and Simpson diversity indices

and Pielou’s measure of evenness. Analysis of

changes in diversity measures with the increase in I.

glandulifera cover revealed that an increase in I.

glandulifera cover was from the onset related to a

decrease in the diversity of the invaded plant commu-

nities, but after exceeding a 80% cover, this species

dramatically reduced the diversity of the invaded

vegetation. Non-metric multidimensional scaling

analysis indicated a significant shift in the composition

of invaded plots in relation to uninvaded plots, which

resulted from the proportional increase in the more

shade tolerant and nutrients demanding species. Our

results suggest that in species-rich vegetation, such as

fresh meadows and related communities, I. glandulif-

era may suppress weak competitors and, thus, nega-

tively impact plant diversity.

Keywords Annual exotic plant � Himalayan

Balsam � Invasive species � Plant invasions � Species

richness

Introduction

Invasive species are considered to be the most

important drivers of biodiversity decline and adverse

changes to ecosystems (Parker et al. 1999; Mack et al.

2000; Gurevitch and Padilla 2004; Vilà et al. 2006).

Alien plant invasions are often reported to have a
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detrimental impact on the diversity and species

composition of native plant communities (e.g. Levine

et al. 2003; Hejda et al. 2009; Kiełtyk 2014; Lazzaro

et al. 2015; Hejda et al. 2017); however, the effect of

invasive plants on the invaded vegetation varies

greatly depending on the characteristics of the

invaders and community invasibility (Pyšek and Pyšek

1995; Sakai et al. 2001; Richardson and Pyšek 2006;

Hejda 2013; Fried et al. 2014). Invasive alien plants

can displace or considerably suppress native plants

through superior competitiveness (e.g. Bottollier-

Curtet et al. 2013; Gruntman et al. 2014; Čuda et al.

2015), allelopathy (Ruckli et al. 2014; Loydi et al.

2015), altering ecosystem processes, such as soil-

nutrient cycling and water fluxes, or disturbance

regimes (Levine et al. 2003; Gaertner et al. 2014). In

particular, invading species capable of forming dense

populations can have a profound effect on native

species diversity at the community level and reduce

species diversity at higher levels (Hejda et al. 2009).

One of the most highly invasive alien plant species

in Europe forming dense populations is the Himalayan

Balsam (Impatiens glandulifera Royle, Balsami-

naceae), the tallest European herbaceous annual

(Beerling and Perrins 1993). I. glandulifera is a

species competitively superior to many native and

exotic species in Europe (Bottollier-Curtet et al. 2013;

Gruntman et al. 2014; Čuda et al. 2015). Its highly

competitive ability can be attributed to a number of

characteristics: rapid shoot extension and leaf expan-

sion (Clements et al. 2008), attaining a height of 2.5 m

under favourable conditions (Beerling and Perrins

1993) and a substantial height even at low irradiance

(Andrews et al. 2009), ability to set dense stands and

grow through the entire vegetation period, high

propagule pressure lasting until the first frost, and

possible allelopathic effects on co-occurring species

(Bottollier-Curtet et al. 2013; Gruntman et al. 2014;

Čuda et al. 2015). Even though many studies inves-

tigated the biology and performance of this species

(e.g. Perrins et al. 1993; Bottollier-Curtet et al. 2013;

Gruntman et al. 2014; Kostrakiewicz-Gierałt and

Zając 2014; Tanner et al. 2014, Čuda et al. 2015),

only a limited number of studies were carried out to

quantify the potential impact which the invader may

have on native vegetation. Moreover, the results of

studies on the impact of I. glandulifera on plant

diversity are ambiguous, and possible consequences of

the invasion by this species for European native plant

communities are not clear. For example, Hulme and

Bremner (2006) found, in northeast England, a very

negative impact of I. glandulifera on a riparian

community and a reduction in species richness by as

much as 25% due to extensive I. glandulifera stands.

Also, Rusterholz et al. (2017), based on their field

experiment with removing the invader in northern

Switzerland, have recently reported the negative

effects of I. glandulifera on the vegetation of the

deciduous forest; they found a considerable reduction

in plant species richness in both the above-ground

vegetation and soil seed bank by 25% and 30%,

respectively. However, as they concluded, the nega-

tive effects of the invader only become visible after the

passage of several years (Rusterholz et al. 2017).

Contrary to the above-mentioned studies, there are

results of some studies in which no impact of I.

glandulifera on resident vegetation or plant diversity

was detected. For example, Künzi et al. (2015) found,

in different lowland habitats in Switzerland, no effect

of I. glandulifera cover on species richness, Shannon

diversity and evenness of invaded communities.

Similarly, Čuda et al. (2017b) did not detect any

impact of I. glandulifera on species richness and

diversity in a managed mixed forest in central

Bohemia. There are also studies in which only a slight

effect of I. glandulifera on species diversity was

revealed. For example, Hejda and Pyšek (2006) found,

in riparian vegetation in the Czech Republic, that only

one measure of species diversity, namely evenness,

was significantly different between the invaded and

uninvaded vegetation. Also, Hejda et al. (2009)

reported no impact of I. glandulifera on species

richness and a low impact on species diversity and

evenness in native vegetation in various regions of the

Czech Republic. Moreover, Diekmann et al. (2016), in

various habitats in the lowlands of northwestern

Germany found that invasion by I. glandulifera did

not cause a considerable negative change in plant

species richness and composition; however, they

reported a significant decrease in species richness,

Shannon diversity and evenness for the invaded

vegetation (Diekmann et al. 2016).

This study was carried out in the foothills of the

Tatra Mountains, which is a highly valued area

protected as a transboundary Polish-Slovak biosphere

reserve. Mountain ecosystems are generally less

invaded than surrounding lowland ecosystems; how-

ever, an increased invasion risk and management
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challenge may be expected in the near future due to

climate and land use change (Dainese et al. 2014). The

invasion of I. glandulifera is often considered a

conservation problem in European lowland habitats

(e.g. Hejda and Pyšek 2006); however, to our best

knowledge, there are no studies assessing the plant’s

impact on species richness and diversity in invaded

species-rich sub-mountain vegetation. In this study,

we sought to determine the effect of invasion by I.

glandulifera on species richness, diversity and com-

position of invaded vegetation in the lower montane

belt in the foothills of the Tatra Mountains. To achieve

this, we adopted two different approaches. First, we

applied the space-for-time substitution design (e.g.

Hejda and Pyšek 2006; Diekmann et al. 2016) in which

we compared vegetation characteristics of invaded

plots with uninvaded control plots, which were

spatially close and environmentally similar and which

were supposed to represent vegetation before the

invasion event. The second approach was based on the

analysis of changes in species richness and diversity in

plots grouped in intervals according to increasing

cover percentage of I. glandulifera. Both of these

approaches must be carefully interpreted considering

their possible limitations, but, as pointed out by Hejda

and Pyšek (2006), studying the community level

impact in situ is desirable as it can provide, by

identifying the potential effects of an invading alien,

valuable information for landscape management and

nature conservation. In this paper, we asked, in

particular, the following questions: (1) Do I. glan-

dulifera-dominated stands significantly impact species

richness, diversity, evenness and composition of

invaded vegetation? (2) What is the relationship

between an increasing invader cover and the diversity

of plant communities? And (3) which native species

are most affected by the invader dominance?

Materials and methods

Study species and area

The Himalayan Balsam (Impatiens glandulifera

Royle, Balsaminaceae) is native to the western

Himalaya, where it occurs in wet, open places in

deciduous and mixed forests, forest fringes, shrubs and

high elevation meadows, most often at elevations

ranging from 1800 to 3200 m a.s.l. (Sharma and

Jamwal 1988; Beerling and Perrins 1993; Pyšek and

Prach 1995; Hejda 2009), but it also has been reported

at elevations of up to 4000–4300 m a.s.l. (Polunin and

Stainton 1984; Adamowski 2008). It was first intro-

duced into Europe in the middle of the nineteenth

century as a garden ornamental, and, after some

decades, it became naturalized and invasive in most

European countries (Beerling and Perrins 1993;

Weber 2003; Hejda 2009). In Poland, I. glandulifera

was recorded for the first time in 1890 in the south-

western part of the country (Lower Silesia) (Tokarska-

Guzik 2005), and, within decades, it became common

in southern Poland and other parts of the country, with

exception of the northeast part of the country, where

the species has had only a few recorded stations (Zając

and Zając 2001). Over the last decades, I. glandulifera

became one of the most widespread invasive plants in

central Europe (Pyšek and Prach 1995; Wagner et al.

2017). The long-term spread rate of I. glandulifera in

the Czech Republic from 1934 to 1995 was estimated

to be 3.66 km per year, which put this species in fourth

place of the fastest spreading species out of 50 non-

native naturalized or invasive central European plants

(Williamson et al. 2005). The species has spread to

many riparian habitats; it often attains dominance in

the nitrophilous herbaceous fringes of lowland rivers,

but also finds optimum conditions on loamy and sandy

riverbanks and in riverine reed vegetation (Pyšek et al.

2012; Čuda et al. 2014). In the last decades, I.

glandulifera has broadened its ecological niche (Čuda

et al. 2017a) and has increasingly invaded habitats far

from river corridors, such as moist forests, forest

clearings and edges, wet meadows, alongside roads

and railway margins, in ditches and on ruderal

ecotopes (Protopopova et al. 2015; Čuda et al.

2017a; Rusterholz et al. 2017).

The study was conducted in the northern foothills of

the Tatra Mountains, Tatra County, in southern

Poland, in the vertical zone of the lower montane

vegetation belt (Fig. 1). Climatic conditions for this

area, measured in the town of Zakopane (844 m a.s.l.),

are characterized by the following: a mean annual

temperature of ? 4.9 �C, a mean temperature of

? 14.8 �C in July (warmest month), a mean temper-

ature of - 5.8 �C in January (coldest month), the

length of the period having an average daily temper-

ature above ? 5 �C being 184 days, the length of the

period having an average daily temperature above
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? 10 �C being 123 days and the mean annual precip-

itation being 1136 mm (Kłapowa 1993).

Vegetation sampling

Field work was carried out in late summer, in August

and September 2014, when I. glandulifera plants were

fully developed. Stands of the invader were found by

actively searching suitable areas. At these sites, we

examined 65 vegetation plots with I. glandulifera of

4 m2 and 65 control plots of the same dimension. Plots

with I. glandulifera were selected to cover a gradient

from very low (minimum 10%) to very high cover of

the invader and to represent the different types of

habitat and spatial distribution of the species within

the study area (see Supplementary Table 1 for site

coordinates). Control plots were located spatially very

close to the paired plots with I. glandulifera; most

often they were adjacent, or within distance of 2 m,

with highly similar habitat conditions. The cover of

the invader in the control plot was allowed to be at a

maximum of 1%. Plots with I. glanduliferawere found

and sampled mainly in tall herbaceous vegetation of

fresh meadows and in adjacent meadows-like road

embankments, both vegetation types related to the

Molinio-Arrhenatheretea class and, less often, at

forest edges. Examined plots were distributed at

elevations ranging from 760 m to 1097 m a.s.l.

(median 885 m a.s.l., interquartile range 860–940 m

a.s.l.).

Species composition was surveyed for each plot,

and phytosociological relevés were made using

Braun–Blanquet’s method and a six-point plant cover

scale (Kent 2012), whereas the abundance of I.

glandulifera was estimated in terms of percentage

cover. The nomenclature of vascular plants followed

Mirek et al. (2002). In the space-for-time substitution

approach, 35 plots with I. glandulifera cover of at least

50% (dominance of the species) were selected (here-

after, referred to as invaded plots) together with their

paired control plots (hereafter, referred to as unin-

vaded plots). Analyses of diversity and vegetation

composition in plots differing in the extent of I.

glandulifera cover were performed for all 65 plots

with I. glandulifera.

Data analysis

For each plot, we calculated the plant species richness

(S) as the number of vascular plant species per plot,

Shannon diversity index (H0) as H0 ¼ �
P

pi � ln pi,

Simpson diversity index (D) as D ¼ 1�
P

p2
i and

Pielou’s evenness index (J) as J ¼ H0= ln S, where pi is

the proportion of species i per plot (Hill 1973). For

diversity calculations, Braun–Blanquet cover-abun-

dance values ?, 1, 2, 3, 4 and 5 were transformed to

0.1, 2.5, 15.0, 37.5, 62.5 and 87.5, respectively (Wildi

2010). I. glandulifera was not included in the data set

used in the calculation of the diversity indices in order

to evaluate the impact of the invader on the remaining

species. To assess the impact of the invasion by I.

glandulifera on resident vegetation, we compared

invaded and uninvaded plots with respect to species

richness, diversity and evenness measures. As statis-

tical distributions of most of these diversity indices

deviated from the normal distribution significance of

GERMANY

CZECH  REPUBLIC

SLOVAKIA

UKRAINE

POLAND

0 200km100N

S

W E

Fig. 1 Location of the study area in the northern sub-Tatra Mountain region, southern Poland
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differences in diversity measures between invaded and

uninvaded plots, they were tested by the Wilcoxon

signed-rank two-sided test. To examine the relation-

ship between an increasing invader cover and the

diversity of plant communities, we used boxplots with

plots grouped in five I. glandulifera cover intervals:

0–20%, 21–40%, 41–60%, 61–80% and 81–100%.

Significance of differences in diversity measures

between the intervals was tested by nonparametric

multiple comparisons using rank-based Kruskal–Wal-

lis test (Quinn and Keough 2011).

The potential impact of invasion by I. glandulifera

on species composition was examined with non-metric

multidimensional scaling (NMDS), which is an indi-

rect multivariate ordination method. Non-metric mul-

tidimensional scaling based on the Bray–Curtis

dissimilarity metric was performed for 35 pairs of

invaded-uninvaded plots. In NMDS analysis, rare

species occurring only in one or two plots (relevés)

were excluded from subsequent analyses (Legendre

and Legendre 2012). Also, I. glandulifera was

excluded from this analysis because the aim of the

analysis was to examine changes in the composition of

the remaining species of resident vegetation. Species

abundances were expressed in the original Braun–

Blanquet scale (?, 1, 2, 3, 4, 5), with transformation of

‘?’ into a value of 0.1. This approach was applied to

down-weight the influence of accidental high abun-

dances of species on the ordination result. Non-metric

multidimensional scaling analyses were performed

using 50 random starting configurations, and we used

accepted stress level close to or less than 0.2 to

determine the dimensions of ordination (Paudel et al.

2017). To interpret the ecological shift in the species

composition of invaded plots in relation to uninvaded

plots, we superimposed on the ordination diagram

mean Ellenberg’s indicator values (EIVs) fitted post

hoc to the NMDS ordination. Values of EIVs for light,

soil nutrients, soil moisture and soil acidity (Ellenberg

et al. 1992) were assigned to all species, if available,

and their mean values for each plot were calculated.

Only these EIV factors, which proved to be significant

in the permutation test (n = 999) at the 0.05 signifi-

cance level, were presented on the ordination diagram.

The effect of the invasion on the species composition

was assessed by comparison of the NMDS site scores

of the pairs of invaded-uninvaded plots along the first

and the second ordination axes, applying the Wilcoxon

signed-rank test (Diekmann et al. 2016).

All statistical analyses were performed in R version

3.4.2 (R Core Team 2017). To compute diversity

indices and perform NMDS analysis, the Community

Ecology Package ‘vegan’ was used (Oksanen et al.

2017).

Results

Species richness, diversity and evenness

Invaded plots dominated by I. glandulifera had

significantly reduced species richness and diversity

compared to uninvaded control plots (Fig. 2). Unin-

vaded plots harboured an average of 19 species, while

the invaded plots harboured 12 (Table 1), and this

difference was highly significant (V = 14.5,

p\ 0.001, n = 35). The weighted mean decline in

the number of species in the pairs of invaded-

uninvaded plots was 27.2%. Uninvaded plots most

often had five to 10 species fewer compared to their

uninvaded control plots (Fig. 2a). In total, 92 and 102

species were recorded in invaded and uninvaded plots,

respectively (Table 1; Supplementary Table 1).

Vegetation with the dominance of I. glandulifera

exhibited significantly lower values of Shannon

diversity; for the invaded plots, the value of this index

constituted 60.2% of the diversity of the uninvaded

plots, and this difference was highly significant

(V = 24, p\ 0.001, n = 35) (Fig. 2b; Table 1). Also,

Simpson diversity was reduced in the invaded vege-

tation; for the invaded plots, the value of this index

constituted 73.7% of the diversity of the uninvaded

plots, and this difference was also highly significant

(V = 52, p\ 0.001, n = 35) (Fig. 2c; Table 1). Sim-

ilarly, Pielou’s evenness index for the invaded plots

constituted 70.0% of the index calculated for the

uninvaded plots, and this difference proved to be

significant (V = 59, p\ 0.001, n = 35) (Fig. 2d;

Table 1).

Along with an increase in the abundance of I.

glandulifera in vegetation, changes in species richness

and diversity were observed. Mean number of species

per plot calculated for 20% intervals of I. glandulifera

cover tended to decrease gradually with the increase in

I. glandulifera cover; however, only plots with

81–100% of I. glandulifera cover had significantly

lower number of species as compared to groups of

plots with lower I. glandulifera cover (Fig. 3a). The
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three other investigated measures of species diversity

decreased gradually their values in first four groups, up

to 80% of I. glandulifera cover, but in the group of

plots with the highest I. glandulifera cover exceeding

81% there were substantial significant reduction in

their values observed (Fig. 3b, c, d).

Species composition

Increased I. glandulifera abundance caused changes in

the floristic composition of invaded vegetation.

NMDS revealed that the majority of invaded vegeta-

tion samples, as compared to uninvaded samples, were

shifted along the first NMDS axis to the right, towards

lower values of light EIV and higher values of

nutrients EIV (Figs. 4, 5). This shift of NMDS scores
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Fig. 2 Distributions of paired differences in diversity indices between invaded and uninvaded plots
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along the first axis was statistically significant (me-

dian = 0.310, V = 605, p\ 0.0001, n = 35). Along

the second NMDS axis, no significant shift in scores of

invaded samples, as compared to uninvaded, was

observed (median = - 0.068, V = 201, p = 0.062,

n = 35).

The most frequent species in the I. glandulifera-

dominated vegetation plots included Urtica dioica

(frequency 86%), Elymus repens and Poa trivialis

(frequency of each species 66%), Aegopodium poda-

graria (54%) and Veronica chamaedrys (51%). In the

uninvaded plots, the most frequent species were Poa

trivialis (83%), Elymus repens (74%), Veronica

chamaedrys and Ranunculus repens (frequency of

each species 66%), Dactylis glomerata (60%), Ae-

gopodium podagraria and Urtica dioica (frequency of

each species 57%) and Phleum pratense (51%)

(Supplementary Table 1). The species most nega-

tively affected by I. glandulifera invasion, which

avoided vegetation dominated by the invader despite

its presence in uninvaded control plots, included

mainly fresh meadow species, such as Phleum

pratense (34% avoidance rate in pairs of invaded-

uninvaded plots), Agrostis capilaris, Ranunculus

repens and Trisetum flavescens (each 23% avoidance

rate), Dactylis glomerata (20% avoidance rate) and

Agrostis stolonifera, Alchemilla sp., Cirsium arvense,

Cirsium rivulare, Heracleum sphondylium, Poa triv-

ialis and Rumex acetosa (each 17% avoidance rate).

Distinctly more associated with the invaded compared

to the uninvaded vegetation was Urtica dioica, a

species which was present in 29% of the invaded

vegetation samples despite simultaneous absence in

their paired uninvaded controls.

Discussion

Our results suggest that invasion of vegetation by I.

glandulifera may exert a negative impact on plant

diversity of invaded vegetation, and this impact

become very pronounced when I. glandulifera attains

a cover above 80%. All the investigated diversity

measures, that is, species richness, Shannon and

Simpson diversity indices and Pielou’s evenness, had

significantly lower values in I. glandulifera-domi-

nated plots compared to uninvaded plots. As shown by

the analysis of diversity measures, along with the

increase in the cover of I. glandulifera, a very high

abundance of the species expressed by its cover above

80% caused the reduction in diversity and evenness

measures almost to zero. The exception was species

richness; the number of species decreased gradually

along with increase in I. glandulifera cover, and, in the

heavily invaded vegetation in which I. glandulifera

attained cover of 81–100%, most often eight to 13

native plant species were still present.

Also, NMDS analysis of species composition

revealed significant shifts in pairs of invaded-unin-

vaded plots. These shifts can be interpreted as the

change in invaded vegetation composition, which

resulted from the proportional increase in the more

shade tolerant and nutrients demanding species, as

indicated by the Ellenberg’s indicator values fitted to

the NMDS ordination. However, we must admit that,

despite being statistically significant, the mean shifts

along the first ordination axis had rather low absolute

value, which can be explained by the fact that the

species composition of the invaded plots predomi-

nantly represents only a reduced subset of uninvaded

vegetation, which makes these plots similar in terms of

species composition.

Table 1 Number of

species, Shannon diversity

index H0, Simpson diversity

index D and Pielou’s

evenness J, as recorded in

the studied plots

Invaded plots Uninvaded plots Wilcoxon test P value

Total number of species 92 102

Plot species richness S

Median 12 19 V = 14.5 p\ 0.001

Min 7 7

Max 29 30

Shannon diversity index H0 1.03 1.71 V = 24 p\ 0.001

Simpson diversity index D 0.56 0.76 V = 52 p\ 0.001

Pielou’s evenness index J 0.42 0.60 V = 59 p\ 0.001
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The decline in species richness of the invaded

vegetation, as compared to the uninvaded, by as much

as the 27% found in our study, agrees well with the

results of Hulme and Bremner (2006) and Rusterholz

et al. (2017), who found a 25% decrease in the number

of species invaded by I. glandulifera in riparian and

forest vegetation, respectively. The impact of the

invader on resident vegetation in our study was

stronger than the impact reported by Diekmann et al.

(2016); their survey of lowland habitats invaded by I.

glandulifera found a 7.4% mean decline in species

number per plot, whereas values of the Shannon

diversity and evenness indices of the invaded plots

constituted 73.6% and 75.0% of the uninvaded plots,

respectively. Results of our study which suggest a

considerable and significant impact of I. glandulifera

on resident vegetation are contrary to the studies

where no or a very slight impact of the invader was
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found (Hejda and Pyšek 2006; Hejda et al. 2009;

Künzi et al. 2015; Čuda et al. 2017b). This disparity

may be explained by the fact that, in plant commu-

nities inhabited by a low number of species, I.

glandulifera may not negatively impact species rich-

ness and diversity because this type of vegetation is

often already dominated by native species, and the

invader entering into such communities reduces the

qualitative share of these dominant species by taking

over their functions, as pointed out by Hejda and Pyšek

(2006) and later also suggested by Čuda et al. (2017b).

On the contrary, in species-rich vegetation, such as

fresh meadows and communities related to fresh

meadows inhabiting road embankments, I. glandulif-

era setting its dominance may suppress weak com-

petitors and, thus, negatively impact plant diversity. A

similar pattern was observed in the case of the invasion

of species-rich sub-montane meadows by Heracleum

mantegazzianum, where many competitively weak

species were not present in the invaded sites (Pyšek

and Pyšek 1995). The resident vegetation which we

investigated was very rich in species, as compared, for

example, with the investigated vegetation in studies by

Hejda and Pyšek (2006), as well as Diekmann et al.

(2016). The mean number of species in our study was

19 for 4 m2 in the uninvaded plots, whereas, in the

riparian vegetation studied by Hejda and Pyšek

(2006), the mean number of species was 9.2 for

16 m2 in the uninvaded plots, and, in the study of

different invaded habitats by Diekmann et al. (2016),

the mean species number was 10.5 for 10 m2 in the

uninvaded plots. Therefore, as may be expected, the

invader setting its dominance in species-rich commu-

nities will negatively impact diversity of the invaded

vegetation.

It is worth mentioning that Hejda and Pyšek (2006)

suggested earlier that the invasion by I. glandulifera

into meadow communities composed of less compet-

itive resident species than is the case of the invaded

riparian habitats will possibly have a more profound

effect on the invaded communities; this statement is

supported by our results. With regard to lower impact

or no impact of I. glandulifera on forest herb

vegetation (Čuda et al. 2017b) as compared to open

meadows, this can be partly because forest species are

generally more shadow-tolerant, and perhaps many of

them are capable of surviving under the canopy of

dense stands of I. glandulifera. However, the results of

another study on invasion of forest herb vegetation by

I. glandulifera (Rusterholz et al. 2017) indicated

significant negative effects of the species in deciduous

forests.

The results of our study suggest the negative impact

of I. glandulifera on species richness and diversity of

invaded vegetation. However, some studies suggested

that the overall impact of the species may not be very

serious or detrimental. For example, Diekmann et al.

pointed out that late phenological development of I.
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glandulifera means that mainly the late summer

species are affected negatively, especially light-de-

manding ones, and that the species is not able to

occupy a habitat over the entire growing season and

over many years to such an extent that other plant

species are permanently out-competed (Diekmann

et al. 2016). Similarly, Čuda et al. (2017b) reported

that non-riparian populations of I. glandulifera are

much smaller than riparian ones, express strong year-

to-year fluctuations of invader biomass and population

size and persist for a shorter time. Moreover, they also

found that the species did not markedly transform soil

and litter characteristics in the forest ecosystem during

the 3-year experiment. Therefore, it is possible that

invasion by I. glandulifera does not necessarily cause

detrimental changes in the vegetation which was

investigated in this study at a plant community scale,

despite the negative effects we found for the species

based on the 4 m2 invaded plots. Populations of I.

glandulifera, as an annual plant, show a high spatio-

temporal dynamic (Čuda et al. 2017b) and may not

exert a strong impact on resident vegetation over

years. Also, we examined vegetation in late summer,

in August and September, when the impact of I.

glandulifera could be overestimated because this

species was still in full vegetative and floral develop-

ment, whereas, at that same time, many co-occurring

species of the Molinio-Arrhenatheretea class, which

develop earlier than I. glandulifera and have blossom

peak in June and July, cease growth and begin to

wither. It should be also acknowledged that in this

study we analysed relationships between diversity

indices in invaded and uninvaded plots, as well as in

plots with different I. glandulifera cover. However,

this study cannot render definitive statement as to the

causes of the observed pattern of diversity and to what

degree the observed diversity pattern was driven by

the invasive species or some other, unmeasured

factors. Further studies on permanent plots including

the entire vegetation period and conducted for several

years, as was done, for example, in the study by

Rusterholz et al. (2016), would contribute to enhanced

assessment of the overall impact of the species on the

resident vegetation.

In conclusion, the results of this study suggest that,

in species-rich tall herb communities, invasion by I.

glandulifera causes a considerable change in plant

species richness, diversity and evenness. Diversity

indices of the invaded plant communities decrease

gradually along with the increase in I. glandulifera

cover up to 80%, but after exceeding a 80% cover, this

species dramatically reduce the diversity of the

invaded vegetation. It is worth mentioning that we

found tall, normally developed and flowering I.

glandulifera plants, forming dense and vital popula-

tions on sites reaching to maximum elevations of up to

1,100 m a.s.l., and some were situated within or at the

border of the Tatra National Park. Taking into account

that, in its primary range, this species grows at high

elevations up to 4,300 m a.s.l. (Adamowski 2008), as

well as predicted future climate change scenarios (e.g.

Theurillat and Guisan 2001), it is possible that I.

glandulifera will continue expansion at higher Tatra

Mountains elevations, where many rare and vulnera-

ble mountain species may be threatened. Therefore,

regular monitoring of the invader’s presence in the

Tatra National Park is recommended, and, when

needed, eradication actions, which have been found

to be highly effective in other Central European

national parks (Schiffleithner and Essl 2016), should

be undertaken to prevent the invader’s spread in the

protected area.
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Floods affect the abundance of invasive Impatiens glan-

dulifera and its spread from river corridors. Diversity

Distrib 23:342–354
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Dainese M, Kühn I, Bragazza L (2014) Alien plant species

distribution in the European Alps: influence of species’

climatic requirements. Biol Invasions 16:815–831

Diekmann M, Effertz H, Baranowski M, Dupré C (2016) Weak
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Tatry i Podtatrze vol. 2. Tatrzański Park Narodowy, Kra-
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Richardson DM, Pyšek P (2006) Plant invasions: merging the

concepts of species invasiveness and community invasi-

bility. Prog Phys Geog 30:409–431

Ruckli R, Hesse K, Glauser G, Rusterholz H-P, Baur B (2014)

Inhibitory potential of naphthoquinones leached from

leaves and exuded from roots of the invasive plant Impa-

tiens glandulifera. J Chem Ecol 40:371–378
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