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Abstract

The aim of this thesis was to identify factors that contribute to invasiveness of species in the
genus /mpatiens. This genus is horticulturally attractive and includes several species that are
known to have naturalized outside their native ranges, while others did not escape, in spite of
being frequently cultivated. When looking for traits associated with invasiveness, it is useful to
focus on congeneric species. Their traits and dispersal modes are less influenced by phylogeny,
than when comparing unrelated species or even complete floras. This helps to account for traits
that favour invasive species over native ones and thus identify potential invaders more precisely.
A superior invader performance is attributed to a competitive advantage over native species that
can lead in extreme case to competitive exclusion of the latter. Invasive and native species com-
pete only if their niches overlap and the strength of competition depends on niche similarity.
Importantly, invasive species are considered to be able to maintain their high competitiveness
over a wide range of environmental conditions, while native ones often have narrower environ-
mental optima. Lastly, competitive outcome can vary over life stages and depends on the degree
of species dominance, which is rarely taken into account. Spread and resulting distribution of
invaders is further affected by distributional and environmental constrains in the secondary
range. As a result, many invasive species have naturalized in riparian habitats, characterised by
patchy environment with range of microhabitats, reduced competition in disturbed sites and
easy propagule transport.

The aims of my PhD. thesis were

e to identify traits associated with invasiveness and assess the role of planting frequency
within selected Impatiens species

e search for microsite differentiation in one native and two invasive Impatiens species
that coexist in the field

e investigate competition of these species under manipulated environmental conditions,
varying plant densities and different life stages in an experimental garden;

e determine factors that affect distribution and abundance of Impatiens glandulifera along
river corridors.

The results can be summarized as follows: (i) juvenile traits, namely heavy seed, fast seedling
growth, and germination postponed to the period of more favourable conditions were more
strongly associated with invasiveness than adult traits, such as fecundity and final biomass;
(ii) frequently planted species naturalized more easily; (iii) niches of invasive and native species
partially overlapped; (iv) in mixed stands, abundances of all species were negatively related to
those of the other congeners, and the coexistence in one locality is possible due to different
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microhabitat use; (v) competitive interactions had stronger effects on plant fitness than had en-
vironmental settings; (vi) the most invasive representative, Impatiens glandulifera, was com-
petitively superior across all experimental conditions and its dominance increased over time,
while the native I noli-tangere is being outcompeted from shared part of its niche; (vii) the
largest populations of 1. glandulifera were located in flooded patches in the vicinity of the rivers,
specifically flooded patches had twice as many individuals as those that were not flooded;
(viii) populations in tributaries were twice as far from the main river than those not associated
with tributaries.

Based on these results I conclude that more /mpatiens species might invade in the future
if their planting becomes more widespread. Juvenile traits are of crucial importance, because
establishment determines the success of these mostly annual aliens. Niche width and species
performance shape the pattern of coexistence among native and invasive species. Native /. noli-
tangere will be restricted to wet and shady parts of the niche, while competitively superior
I glandulifera will reduce these native populations when growing together in mixed stands. The
other very successful invasive species, /. parviflora, is competitively inferior and has negligible
impact on the native species. In terms of landscape dynamics, flooding accounts for the domi-
nance of I glandulifera along rivers due to spreading the seed, disturbing native vegetation and
increasing the nutrient availability.



Abstrakt

Cilem predkladané disertacni prace bylo urcit, které faktory ovliviluji invazivnost v rodé /mpa-
tiens (netykavka). Netykavky jsou velmi atraktivni rostliny; nékteré zdomacnély mimo pavodni
aredl vyskytu, zatimco jiné ne, prestoZe byly Casto péstovany. Pokud patrdme po vlastnostech,
které podporuji invazivnost, je vyhodné srovndvat druhy jednoho rodu, tzv. kongenery. Diky
blizké piibuznosti jsou jejich vlastnosti a zpisob rozSifovani méné ovlivnény fylogenezi,
nez pii srovnani nepiibuznych druhi ¢i dokonce celych flor. Srovnani kongenerti umoziuje
presnéjsi uréeni vlastnosti, které invazni druhy zvyhodfiuji oproti druhiim domacim, a zaroven
presnéjsi rozpoznani druhd s invaznim potencidlem. Intenzita kompetice mezi puvodnimi a in-
vaznimi druhy zavisi na mife prekryvu jejich nik. Invazni druhy jsou obvykle vysoce kompeti-
tivni v Sirokém rozsahu podminek prostredi, zatimco domdci druhy casto maji uzsi ekologické
optimum. Vysledek kompetice se navic mize v riznych fazich Zivotniho cyklu li$it a zavisi na
mife dominance (vyjadiené napf. pokryvnosti), coZ byva ziidka zohlednéno. Rozsifeni invaz-
niho druhu v neptivodnim areélu také ovliviiuji mistni podminky prostiedi, zptsoby a rychlost
§ifeni. Mnoho invaznich druhii proto zdomacnélo podél vodoteci, které poskytuji celou fadu
piithodnych mikrostanovist, na nichZ je kompetice ze strany domécich druhti sniZena v disledku

disturbanci, a diaspory jsou snadno $ifeny vodou.

Cilem mé disertacni prace bylo:

e nalézt vlastnosti podporujici invazivnost u vybranych druht netykavek (/mpatiens),
s pfihlédnutim k frekvenci péstovani

e  zjistit, zda se lisi niky jednoho puivodniho a dvou invaznich druhd, které se v ptirodé
vyskytuji spole¢né

e prozkoumat kompeti¢ni vztahy téchto tfi druhti v pokusné zahradé za riiznych podmi-
nek prostiedi a hustoty kompetitorl v pribéhu celého Zivotniho cyklu

e urcit faktory, které ovliviuji rozsifeni a pocetnost /. glandulifera podél ek

Vysledky mé disertacni prace Ize shrnout ndsledovné: (i) vlastnosti rostlin v ¢asné vyvojové
fazi (velka hmotnost semen, rychly rist semenacu a kliceni situované do piiznivého obdobi)
pispivaly k invazivnosti silnéji nez vlastnosti dospélcti (plodnost a celkova biomasa); (ii) Casto
péstované druhy snadnéji zdomaciuji; (iii) niky invaznich a domaciho druhu se prekryvaji;
(iv) pokryvnosti vSech druhti byly negativné ovlivnény pokryvnostmi kongenert, spole¢ny vy-
skyt druhii v rdmci jedné lokality je mozny diky rozdilnému vyuZiti mikrostanovist’; (v) na fit-
ness rostlin ma siln€jsi vliv kompetice neZ podminky prostfedi; (vi) siln€ invazni druh Impatiens
glandulifera je nejsilngjsim kompetitorem bez ohledu na podminky prostfedi, coZ vede k tomu,



Ze doméci I. noli-tangere je kompeti¢né vylucovana ze spole¢né ¢4sti niky; (vii) nejvétsi popu-
lace I. glanduliferavytvaii v zaplavovanych plochéch v blizkosti fek, kde byl zaznamenén dvoj-
nasobny pocet jedincti oproti plochdm nezaplavovanym; (viii) populace leZici na pfitocich byly
dvakréat tak daleko od mapovanych fek, nez ty leZici mimo pritoky.

Na zdkladé téchto vysledki piedpokladam, Ze se pocet invaznich druht netykavek v bu-
doucnosti zvysi, pokud budou ¢asto péstovany. Sté€Zejni vyznam maji ¢asné stadia vyvoje, pro-
toZe Gspésné uchyceni a rist semenaci je zakladnim piedpokladem dspéchu u téchto prevazné
jednoletych druhti. Sife niky a kompeti¢ni sila druhu ovliviiuji spole¢ny vyskyt ptivodnich
a invaznich druhl. Domaci I noli-tangere bude v mistech, kde roste spolecné s kompeti¢né
siln€jsi I glandulifera, vytlacena do vlhké a stinné ¢asti niky. Druhy velmi dspéSny invazni druh
L parviflora je ze zkoumanych druhti kompeti¢né nejslabsi a tudiZ ma maly vliv na ptvodni
druh. Dynamika vyskytu /. glandulifera v krajin€ je ovlivnéna povodnémi, které rozsifuji se-
mena, narus$uji domdci vegetaci, zvySuji zdsobu Zivin, coZ ve vysledku umoZiiuje dominanci
netykavky v bfehovych porostech.



1 Introduction

1.1 Rationale of the study, approaches and research questions

The question, why some alien (syn. exotic, non-native, non-indigenous) species are more suc-
cessful than the others still remains in the centre of interest of invasion ecology. The success of
species as invaders has been traditionally attributed to their biological and ecological traits, such
as fast growth, great biomass, long-distance dispersal, fecundity, etc. (PySek and Richardson
2007, van Kleunen et al. 2010, Pellock et al. 2013"). Classical approach of comparing whole
floras when looking for traits linked with invasiveness can be limited by great variability among
the species pools, in other words it is hard to find some common traits responsible for invasive-
ness among woody plants, grasses and herbs that have different life strategies (Crawley et al.
1996, Pysek and Richardson 2007). Phylogenetic relatedness among species can be accounted
for by phylogenetic corrections (Sakai et al. 2001), i.e. including phylogenetic distance among
species into multispecies comparisons (Burns 2004, van Kleunen et al. 2010). This helps to
differentiate between traits characteristic for the whole family (e.g. small seeds in Orchidaceae)
from those that really promote invasiveness (e.g. small seed in genus Pinus, see Rejmanek and
Richardson 1996). Nevertheless, phylogenetic corrections should be understood rather as a con-
ceptual decision, which interpretation we want to prioritize, because after use of phylogenetic
corrections we lose information about evolutionary background (Westoby et al. 1995).

Further, it is known that invasiveness is not equally distributed across individual phy-
logenetic lineages, e.g. that there are many invaders in Poaceae and Fabaceae, but only a few in
Orchidaceae family (Daehler 1998; Lambdon et al. 2008a; PySek et al. 2017). Importantly, Mo-
ravcova et al. (2010) found that there is a big variance within the phylogenetic groups and that
most variation in invasiveness is linked to variation among species within genera. Therefore
predictions of invasiveness should be done at lower phylogenetic levels, optimally within a ge-
nus (Moravcova et al. 2010, PySek et al. 2014). However, this technique has some limitations,
as such a genus should have enough species to allow for statistical testing and needs to contain
species of different invasive status in a particular region (ideally invasive, naturalized, casual,
and present but not escaping from cultivation into the wild) together with native representa-
tive(s) (Burns 2004). Comparison of phylogenetically related species has been made in a num-
ber of congeneric or confamilial groups, such as Crepis and Centaurea (Muth and Pigliucci,
2006, 2007), Eucalyptus (Radho-Toly et al. 2001), Impatiens (Perrins et al. 1993, Perglova et
al. 2009, Skalova et al. 2011, 2012, 2013), Iridaceae (van Kleunen and Johnson 2007), Oeno-
thera (Mihulka et al. 2006), Plantago (Matsuo 1999), Pinus (Rejmének and Richardson 1996,
Grotkopp et al. 2002, Gallien et al. 2016), Poaceae (Harris 1967, Bilbao and Medina 1990,
Smith and Knapp 2001) and Rubus (McDowell 2002). However, most of these studies took into
account less than four species which impedes broader generalisation.

1 References cited in the Introduction are included after the Synthesis chapter (p. 85)



Invasiveness is determined not only by the traits alone, the traits act in concert with
dispersal pathways (Carlton 1996). The number of individuals released into a region to which
they are not native is called propagule pressure (Lockwood et al. 2005) or introduction effort
(Blackburn and Duncan 2001). Within plant invaders, intentional introductions play a major
role (Mack 2003, Hulme 2011) and ornamental plants are the main source of deliberate intro-
ductions (Lambdon et al. 2008a, PySek et al. 2012b). The frequency of planting directly affects
the propagule pressure, species planted more commonly are more likely to naturalize (Dehnen-
Schmutz et al. 2007, Pysek et al. 2015). Importantly, horticulture prefers species that do not
need excessive gardening care: germinate easily, grow vigorously and fast, reproduce easily
and grow in a wide range of environments (Mack 2000, Wiens and Graham 2005). In addition,
all these characteristic are known to support invasion success as well as competitive ability
(Pysek and Richardson 2007).

A high competitiveness of invasive species is well documented (Sakai et al. 2001, van
Kleunen et al. 2010); in general invasive species are believed to be more competitive than na-
tives (Vila et al. 2011) but the outcome of the competition varies depending on external factors
(Daehler 2003). Success of invasive species is usually associated with better performance for
a given trait (e.g. better germination). Alternatively, the invader brings a novel characteristic,
not present in the resident community, such as different life form (Vila and Weiner 2004), alle-
lopathy (Callaway and Aschehoug 2000), presence or absence of mycorrhiza (Stajerov4 et al.
2009) or nitrogen fixation (Vitousek et al. 1987). Except favourable traits mentioned above,
high competitiveness is supported by other mechanisms, e.g. lack of enemies in the new range
(Keane and Crawley 2002). The superiority of invasive species is not universal, but depends on
environmental set up and changes of species fitness along environmental gradients — typically
water availability, shading and nutrient supply (Burns 2004, Molina-Montenegro et al. 2012,
Skélova et al. 2013) or climatic conditions, e.g. frost tolerance (Beerling 1993). Performance
and competitive output is species-specific, however, some general trend were detected, e.g. in-
vasive species are less represented with increasing altitude, in mountain areas (McDougall et
al. 2011, Pysek et al. 2011). Nevertheless, this pattern can be confounded with propagule pres-
sure (Dark 2004, Jodoin et al. 2008), because human activities in mountains are reduced com-
pared to lowland (e.g. density of roads is lower, arable land is mostly missing). Alternatively,
some invasive species are known to little interact with resident biota (MacArthur 1972, Mac-
Dougall et al. 2009). Their niches differ from those of native species, in other words they use
an ecological space (resources, space, time) not used by native species (empty niche hypothesis,
Elton 1958, Lambdon et al. 2008b). Nevertheless, the majority of invaders has some impact
on resident biota and most negative effects belong to the category of competitive interactions
(Levine et al. 2004, Kumschick et al. 2015).

The intensity of competition depends on many factors. First, it has been suggested that
closely related species, e.g. plants from the same genus, occupy similar niches. According to
Hardin (1960) the intensity of competition increases with niche similarity and two species with
identical niches cannot coexist (Hutchinson 1957). Therefore, the most intense competition is
expected among closely related species (Darwin 1859, Elton 1946, Violle et al. 2011). This
is supported by floristic data from invaded areas, where invasive species from the same family
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as native species were under-represented (Rejmének and Richardson 1996, Daehler 2001). Sec-
ond, the competition intensity increases with the density of competitors. The density of compe-
tition has two components, total density (e.g. number of all individuals per m?) and the propor-
tion of the competitors. The majority of studies on invasive plants did not take invader density
into account, or considered the invasive species dominant (Leger and Espeland 2010). There is
a limited information about invader effect if its density, or cover is low (but see Hejda 2013,
Hejda et al. 2017). Finally, the effect of competition can vary among life stages with supposed
strongest effect in juvenile stages due to strong thinning effects (Goldberg et al. 2001).

Competitiveness of an alien species is important when it spreads from human-altered
landscapes, where the naturalization process usually starts (Richardson et al. 2000). Alien pop-
ulations spread typically along roads, railways and rivers that act as transport vectors and also
provide suitable sites for establishment due to disturbances in their vicinity (Mack 2003). Ri-
parian sites, one of the most invaded habitats worldwide (Richardson et al. 2007, Pysek et al.
2010), are most suitable for alien species’ naturalization. First, river corridors are an efficient
and diverse vector of spread — propagules flow downstream, can be transported along animal
migratory paths upstream or beyond river corridors. Mud helps seed to stick on animals and on
machinery, facilitating spread of species that are not equipped for epichory. Second, riparian
habitats are a very diverse mosaic of environmental conditions, with sufficient water and nutri-
ent supply. Third, floods disturb native vegetation, provide space by creating gaps and facilitate
establishment of alien species in environment that is highly competitive for light (Naiman
and Décamps 1997). Some alien species with a wide environmental valence spread after estab-
lishment further from river corridors. This is documented by increasing ratio over time of non-
riparian to riparian localities in Acer negundo (Erfmeier et al. 2010), Fallopia japonica, F. sa-
chalinensis, or Impatiens glandulifera (PySek and Prach 1993).

To provide further insights into a complex process of plant invasion, this thesis aims to
integrate diverse factors that contribute to invasiveness in selected species of the genus Impati-
ens from the Balsaminaceae family (Fig. 1). In the presented papers, multiple factors that are
known to affect invasiveness were studied, such as biological traits, propagule pressure, resi-
dence time, environmental constrains and competition with native species. The genus Impatiens
was chosen as a suitable study system, because it includes both successful invaders and species
that do not invade. The congeneric approach enabled to compare the traits of species unbiased
by different phylogeny, therefore we could identify potential invasive species from this genus
more precisely. We also included a native species to determine whether or not (i) successful
invaders have similar traits with the native species, (ii) niches of the native and invasive species
overlap, i.e. how strongly native and invasive species interact with each other, and (iii) whether
the invasive species are competitively stronger that the native one under varying environmental
conditions and competitors’ density.
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Fig. 1. Assumed relationships between invasiveness and factors that were investigated in the Ph.D. thesis. Super-
scripts denotes studies, where particular factors were investigated (1 = Study 1, etc.).

Thus, the broad aims of my dissertation were to identify traits associated with invasive-
ness of selected Impatiens species (Study 1), find evidence for niche differentiation and com-
petitive interactions in one native and two invasive Impatiens species that coexist in the field
(Study 2), and quantify the competition of these three species under manipulated environmental
conditions, varying plant densities and different life stages in an experimental garden (Study 3).
Finally, to capture the spatio-temporal trends in the dynamics of the most invasive of the studied
species, Impatiens glandulifera, and infer about possible future avenues of its invasion, I aimed
at determining factors that affect its distribution and abundance along river corridors and spread
beyond (Study 4).

1.2 Study species

The genus Impatiens is in the Balsaminaceae family and contains two genera: the species-rich
Impatiens and monotypic Hydrocera (Fischer 2004). Impatiens belongs to one of the largest
genera of the flowering plants with ~1000 species (Yu et al. 2016). The representatives of the
genus occur predominantly in the tropics and subtropics of the Old World (Grey-Wilson 1980)
and has five diversity hotspots: tropical Africa, Madagascar, southern India and Sri Lanka, the
eastern Himalayas, and south-east Asia (Yuan et al. 2004). The genus is taxonomically very
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complicated (Hooker 1908, Grey-Wilson 1980) and every year several new species are de-
scribed. Most species occur in tropical and subtropical mountain forest areas with abundant
precipitation, and only a few are able to grow in drought and direct sunlight (Janssens et al.
2009). A few species are native to the temperate zone (most notably /. noli-tangere and I. capen-
sis), however many species from subtropical Asia occur in high mountains. Asian species are
predominantly annuals that overwinter as seeds, hence are able to cope with temperate condi-
tions (Adamowski 2008, Yu et al. 2016).

The genus is horticulturally very attractive (see Fig. 2), I. walleriana and 1. hawkerii
belong to the most frequently planted ornamentals in the world (Morgan 2007). Impatiens bal-

samina has been cultivated for ~4000 years in India, but other species have been grown approx-

imately for last 150 years (Grey-Wilson 1983). Planting of several species in the 19 century
resulted in several worldwide invasions. Impatiens glandulifera, native in Himalaya, is natural-
ized in Europe, North America, Russia, and New Zealand (Beerling and Perrins 1993), its oc-
currence has been recently documented in South America, Colombia (GBIF 2017, see Fig. 3F).
Impatiens parviflora, native to central Asia, is naturalized in Europe, North America, East Asia
(Mattews 2008, GBIF 2017, Fig. 3H). Impatiens balfourii, native in Himalayas, is naturalized
in Europe, North America, Japan, and Australia (Adamowski 2009, GBIF 2017, Fig. 3A). Two
more thermophilous species, I. balsamina, native to India and I. waleriana, native to east Af-
rica, are naturalized in tropics and subtropics all around the world, but were found in some
warmer temperate regions as well (Adamowski 2008, GBIF 2017, Fig. 3B and 3] respectively).
Invasion of most of these species started by escape from cultivation, only /. glandulifera was,
in addition to this pathway, intentionally spread by beekeepers due to its massive nectar pro-
duction until late fall (Hegi 1912, Hartmann et al. 1995, Chittka and Schiirkens 2001). Impatiens
species that occur in the temperate zone are mostly annuals and spread exclusively by seed
(Adamowski 2008, Matthews et al. 2015). Seed is dispersed actively by capsule dehiscence up
to several meters, depending mainly on plant’s height, and passively, e.g. as a soil contaminant,
by epizoochory, on tires along roads, by water flow, with garden waste and by logging machin-
ery (Coombe 1956, Beerling and Perrins 1993, Hatcher 2003).

Eradication of all invasive balsam species from small areas is possible by pulling, mow-
ing or grazing before the seed set (Matthews et al. 2015). Herbicide use is problematic due to
their common occurrence along waterways, and it is not necessary, because mechanical control
is effective, if done properly. Further, the biocontrol agent, rust Puccinia komarovii var. glan-
duliferae, was released in the UK in 2014 (Tanner et al. 2015), however was able to overwinter
only in some populations of 1. glandulifera in 2016 (Varia et al. 2016).

We used 10 Impatiens species: 1. balfourii Hook. f., I. balsamina L., 1. capensis Meerb.,
1. edgeworthii Hook. f., I. flemingii Hook. f., I. glandulifera Royle, I. noli-tangere L., I. parvi-
flora DC., I. scabrida DC. and I. walleriana Hook. f. (Fig. 2, Table 1) to search for traits asso-
ciated with invasiveness (Study 1), three of them that occur in the Czech Republic (1. glandu-
lifera, 1. noli-tangere, 1. parviflora) to explore niche partitioning and coexistence in the field
(Study 2) and competition in the experimental garden in detail (Study 3).
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Fig. 2. Impatiens species that were studied in the Ph.D. thesis. A: . balfourii, B: I. edgeworthii, C: L. parviflora,
D: I flemingii, E: . capensis, F: L. noli-tangere, G: I. walleriana, H: I. balsamina, I: I. scabrida, J: 1. glandulifera




The most prominent invader, I. glandulifera, was used to analyse its distributional pattern across
the landscape (Study 4). The species were included based on their invasion status in Europe,
seed availability and frequency of planting. All naturalized and commonly planted species were
covered, only Impatiens hawkeri, despite being frequently cultivated, was not included, because
it is propagated from stems cuttings and not from seed as the other species (Morgan 2007).
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Fig. 3. Distribution of the 10 Impatiens species that were studied in the Ph.D. thesis. A: L. balfourii,B: I. balsamina,
C: I capensis, D: 1. edgeworthii, E: L. flemingii, F: I. glandulifera, G: I. noli-tangere, H: I. parviflora, I: I. scabrida,
J: 1. walleriana. Native range of each species indicated by red circle, based on Adamowski (2008)
and http://www.efloras.org. Extent of the native ranges labelled with question mark is unclear. Maps obtained from
Global Biodiversity Information Facility (www.gbif.org).
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Table 1. Overview of Impatiens species included in the study and information about their invasion. Based on data

taken from Study 1.

Species

Native range

Invaded range

Invasion sta-
tus in Europe

First record in
cultivation

L balfourii

S & W Europe, Japan,

Hook. f.

temperate regions

Hook.f. W Himalaya N America. SE Australia naturalized 1901, France

1. balsamina L. India, Myanmar tropical and warm casual 2000 BC India,
temperate regions 1542 Europe
. . . W, C & N Europe, E Asia, . <1822

L. capensis Meerb. | N America W N America? naturalized Great Britain
L. edgeworthii . 71983,

Hook f. W Himalaya Germany casual Germany
L. flemingii )

Hook f. NW Himalaya none not escaped no data
L. glandulifera . Europe, Asia, N America, . 1839, Great
Royle W Himalaya New Zealand, Japan naturalized Britain

. Europe, N & E Asia, .

L noli-tangere L. W N America - native -
1. parviflora DC. C Asia Europe, N America, E Asia | naturalized 1830,

£ ) pe; ’ Switzerland

o . Czech Republic, Sweden,

L. scabrida DC. Himalaya Norway, Netherlands casual 1836
L. walleriana E Africa Tropical and warm not escaped 1883, Burope

1.3 Data sources

Detailed description of data acquisition, datasets structure and data analysis is provided in par-
ticular Method sections in the studies forming the core of the thesis (p. 19-75). Here I summa-
rize general information about data for each study to illustrate the variety of methods used to
build as complete as possible picture of invasion within the genus studied. The data were col-
lected by using various methods: field, experimental garden, climatic chambers and databases.

In Study 1 traits of 10 selected species, which are supposed to be beneficial to plant
fitness and potentially related to ability to naturalize or invade, were measured directly in an ex-
perimental garden and climatic chambers. The aim was to capture the species performance over
the whole life cycle, i.e. seed, seedling and adult traits. The following traits were measured:
seed mass; time since seed sowing to germination; seed germination in laboratory; seedling
emergence in the experimental garden; seedling growth rate; total seedling biomass; seedling
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root/total biomass ratio; adult aboveground biomass; height and fecundity. Invasion success
of Impatiens species was characterized by two variables: (i) invasion status in Europe (from
DAISIE 2017), taken as the prevailing stage of the invasion process reached in countries where
the species was recorded and (ii) the number of global temperate regions in which the species
is known to occur as naturalized (from the GloNAF database; van Kleunen et al. 2015, PySek
et al. 2017). Finally, the frequency of planting was estimated on a rough scale (none, rare, com-
mon) based on the knowledge of cultivation of the given species in the past, seed availability
on internet and availability on botanical gardens seed lists to quantify the propagule pressure.

In Study 2 niche differentiation, coexistence and competition between two invasive
(I. glandulifera and I. parviflora) and native (I. noli-tangere) species was studied in 84 perma-
nent plots 1 X 1 m in size, distributed in five localities in the Czech Republic. Localities were
chosen to harbour mixed populations of the three species to cover all factorial combinations of
the species’ presence and absence. The plots were sampled for four years and the following
parameters were measured: number of all Impatiens individuals; cover of all vascular plant spe-
cies (including Impatiens); bare soil cover;, soil moisture; tree canopy cover; total soil carbon
and nitrogen content; slope. From species data obtained in the plots (with the Impatiens species
excluded) mean Ellenberg indicator values (EIV) were calculated, which were further used as
surrogates for actual field measurements.

In Study 3 competition between the same species as in Study 2 was measured in detail
in an experimental garden to verify and extend the results obtained in the field. The experiment
was designed as a full factorial one: seeds of one or two species were sown in 5-liter pots to
achieve two different total densities of seedlings (high and low) that correspond to the range of
densities typically observed in the field. Within each total density level, three ratios of target
plants to competitor plants, high (1 : 5), medium (1 : 1) and low (5 : 1) were established. This
resulted into 24 species/density/competition combinations, that were replicated under four com-
binations of water and light (both low and high) supply. In total, the experiment consisted of
960 pots (4 environmental treatments x 24 species-density-competition combinations x 10 rep-
licates). Plants were counted and measured since the seedling emergence in 3 weeks intervals,
and were harvested in July. For each pot, data were obtained on mean species height; number
of individuals; total aboveground biomass; and number of capsules of each species.

In Study 4 distribution and abundance of Impatiens glandulifera was mapped in more
than 1200 patches along four rivers and their tributaries. Both individual plants and discrete
populations were mapped by a GPS device by systematically walking along the rivers. Total
number of I. glandulifera individuals in each patch was calculated as a product of patch area
and plant density that was scored on a three-grade scale (scattered, common, dominant).
The patches were further characterized in terms of the distance from the riverbank; height above
the river surface; degree of soil disturbance; flooding regime; and habitat type. Data about flood-
ing were extracted from the DIBAVOD database (DIBAVOD 2016).
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2 Juvenile traits as determinants of naturalization

(Study 1)

19



20



Perspectives in Plant Ecology, Evolution and Systematics 20 (2016) 1-10

journal homepage: www.elsevier.com/locate/ppees

Perspectives in Plant Ecology, Evolution and Systematics

Contents lists available at ScienceDirect YlP{an[Ecungf,
Evaluton and
== Spcipmatics

2010

Research article

Juvenile biological traits of Impatiens species are more strongly @ —
associated with naturalization in temperate climate than their

adult traits

Jan Cuda®P*, Hana Skalova?, Zden&k Janovsky <, Petr Py$ek®b

2 Department of Invasion Ecology, Institute of Botany, The Czech Academy of Sciences, CZ-252 43 Prithonice, Czech Republic
b Department of Ecology, Faculty of Science, Charles University in Prague, CZ-128 44 Vinitnd 7, Prague, Czech Republic
¢ Department of Botany, Faculty of Science, Charles University in Prague, CZ-128 01 Bendtskd 2, Prague, Czech Republic

ARTICLE INFO

ABSTRACT

Article history:

Received 17 March 2015

Received in revised form 25 February 2016
Accepted 25 February 2016

Available online 27 February 2016

Keywords:

Alien species
Balsam

Congener
Limiting similarity
Naturalization
Plant invasion
Seedling traits

Potentially invasive species can be identified before they start to spread by comparing their traits with
those of successful invaders. A powerful tool for delimiting the traits associated with invasiveness are
analyses of a number of species of the same genus, where it is more likely to detect relevant differences
because of elimination of biases that constrain the search for such traits in whole floras. Since the influence
of traits on invasion success may differ with respect to the stage of the plant’s life cycle, comparative
studies should address the whole life cycle, including early stages. Here we studied which biological
traits are associated with the ability to naturalize within the genus Impatiens, how frequency of planting
affects naturalization success, and whether naturalized species with biological traits similar to the native
representative of this genus are more successful. The genus Impatiens includes a number of cultivated
species popular in horticulture, among them several widespread invaders. We used one native and 10
alien annual taxa. This data set involved all commonly cultivated species, and representatives of different
invasion status in Europe. In garden experiments and climatic chambers we measured seed mass, time
to germination, percentage of seeds germinated, seedling growth rate, total seedling biomass, seedling
root/total biomass ratio, adult biomass and fecundity. These traits and planting frequency were used to
explain the invasion success of the species, expressed as (i) invasion status in Europe and (ii) the number
of global temperate regions in which the species has been reported as naturalized. The frequency of
planting was used as a proxy of propagule pressure to separate this potentially biasing factor known to
affect plant invasiveness from the effect of plant traits. We found that both species traits and frequency
of planting were correlated with naturalization. Species naturalized in many temperate regions of the
world had heavier seeds, high seedling growth rate and allocated low proportion of seedling biomass
to roots. Importantly, common planting was more strongly correlated with naturalization success than
with biological traits. Impatiens species naturalized in Europe exhibited better seed germination in the
common garden, and it took a longer time for the seeds to germinate. Species escaped from cultivation
but occurring only as casuals in Europe had heavy seeds and invested more resources into shoots than
roots, whereas species not escaping from cultivation were characterized by fast seed germination and
light seed. In general, traits linked to early stages of the life cycle were more strongly associated with
invasion success than those of the adults. Frequently planted species tend to naturalize more easily than
those planted scarcely. The successful invaders share traits similar to the one native Impatiens species
in Europe and those with traits distinct from it do not invade. Our results indicate that many Impatiens
species represent potential invaders should their planting become more widespread; this prediction is
supported by the fact that Impatiens species included in the experiment completed their life cycles in an
experimental garden in central Europe.
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1. Introduction

Effort to identify biological traits associated with plant species
invasiveness has been central to plant invasion ecology (Roy, 1990;
PySekand Richardson, 2007; van Kleunen et al.,2010a). As the tradi-
tional methodical approach towards identifying the role of species
traits, comparisons of complete regional floras, is constrained by
great variability within the species pools which makes it difficult
to detect the respective traits (Moravcova et al., 2010), discovering
which species traits promote invasiveness is thus more realistic
at the generic or familial level (Rejmanek and Richardson, 1996;
Burns, 2004; Cadotte et al., 2006; PySek and Richardson, 2007; van
Kleunen et al., 2010b). Searching for traits linked to invasiveness
in related species is also justified by the fact that most variation
is observed among species within genera (Moravcova et al., 2010).
This indicates that the predictions of species invasiveness should
be done at the species level (Py3ek et al., 2009, 2014a; Moravcova
etal., 2010).

Up to now, comparisons of closely related species have been
used to reveal traits associated with invasiveness in several gen-
era or families, including Pinus (Rejmanek and Richardson, 1996;
Grotkopp et al., 2002; Matzek, 2011), Senecio (Sans et al., 2004),
Rubus (McDowell, 2002), Oenothera (Mihulka et al., 2006), Euca-
lyptus (Radho-Toly et al., 2001), Lespedeza (Woods et al., 2009),
Crepis and Centaurea (Muth and Pigliucci, 2006; Muth and Pigliucci,
2007), Impatiens (Perrins et al., 1993; Perglova et al., 2009; Skilova
etal.,,2011,2012,2013), Iridaceae (van Kleunen and Johnson, 2007).
For details and other studies see review by PySek and Richardson
(2007). To date, however, few studies have included more than four
species within the genus, which somewhat limits the possibility to
detect important traits and generalize beyond the specific circum-
stances of a given study (but see Rejmanek and Richardson, 1996;
Grotkopp et al., 2002; Muth and Pigliucci, 2006, 2007; van Kleunen
and Johnson, 2007; Matzek, 2011).

Traits of invasive species have been found to differ from those
of the native and non-invasive alien species (van Kleunen et al.,
2010b), but the relevance of such traits for invasiveness is not
the same throughout the whole life cycle. For example, the rel-
ative importance of two key concepts related to invasion from
the perspective of community ecology, limiting similarity (Abrams,
1983) and competition displacement (Brown and Wilson, 1956),
is thought to change during the invasion process, with trait simi-
larity being more important for establishment (Williamson, 2006;
Funk and Vitousek, 2007) and dissimilarity for naturalization and
invasion (Blackburnetal.,2011; Richardson and PySek, 2012). How-
ever, studies assessing traits along the complete species’ life-cycle
are rather rare (but see Radford and Cousens, 2000), despite the
well known importance of early life stages, such as seed germina-
tion (Moravcova et al., 2010; Chrobock et al., 2011; Skélova et al.,
2011)and seedling growth (Grotkopp and Rejmének, 2007; Skilova
etal.,, 2012) for population establishment and the beginning of inva-
sion (van Kleunen and Johnson, 2007). The importance of seed and
juvenile traits for invasion success was demonstrated e.g. for pines
(Richardson, 2006).

Finally, it has been well established that whether a species
becomes naturalized or invasive in a new region depends on the
propagule pressure, a factor that acts in concert with species
traits (Richardson and PyS3ek, 2006; PySek et al., 2015). Propag-
ule pressure is a function of reproduction and dispersal. Since the
majority of naturalized and invasive species recruit from deliber-
ately introduced plants (Mack, 2003; Hulme, 2011; Py3ek et al.,
2011), horticulture represents the most important pathway of
introduction (Groves et al., 2005; Dehnen-Schmutz et al., 2007a;
PySek et al., 2012), and the frequency of planting can directly affect
propagule pressure. Moreover, horticulture selects plants with fast
growth and easy reproduction, namely high seed production, easy
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and massive germination or vigorous clonal reproduction, mini-
mum gardening care, resistance to pathogens and other enemies
and wide environmental tolerance (Mack, 2000). Studies search-
ing for traits related to invasiveness revealed just the same traits
(PySek and Richardson, 2007; van Kleunen et al., 2010b). In addi-
tion, plants introduced intentionally could have been preadapted
to the local conditions by horticultural selection before they were
launched on the market. Thus the probability of naturalization of
such plants is greater (Milbau and Stout, 2008; Py3ek et al., 2011)
and the process, including subsequent invasion, can be accelerated
by horticulture (PySek et al., 2002; Hulme, 2011). Repeated intro-
ductions, which are typical of deliberately introduced plants, also
increase the probability of naturalization and invasion (Richardson,
2006).

In this paper, we address the importance of traits for invasion
success by using one native and 10 alien taxa of the genus Impa-
tiens, all but one of which are annuals. We included all species
within the genus that are commonly cultivated in the temperate
climate. The genus includes ~1000 species (Grey-Wilson, 1980;
Fisher, 2004), many of which are being introduced as popular
ornamentals, and some have become invasive in various parts
of the world (Adamowski and Tokarska-Guzik, 2008). The most
prominent example is I. glandulifera, a highly invasive annual in
temperate regions (Beerling and Perrins, 1993; Hejda and Pysek,
2006; Clements et al., 2008). Impatiens parviflora has also invaded
the temperate zone (Trepl, 1982; Hejda, 2012) while I walleri-
ana, the only perennial among the tested species, invades in the
tropics (CABI, 2014; Pacific Islands Ecosystems at Risk, 2013).
The other invasive species are I balfourii, rapidly increasing its
range in southern Europe (Adamowski, 2009; Schmitz and Dericks,
2010), I. capensis, with an invaded range in western and cen-
tral Europe and eastern Asia (Perrins et al., 1993; Adamowski
and Tokarska-Guzik, 2008), and I. balsamina, which has become
widely naturalized in many areas of the warm temperate zones
and the tropics. Impatiens balsamina has been grown for ~4000
years in India (Grey-Wilson, 1983), but other Impatiens species
have been grown for only the last ~150 years. The high number
of planted Impatiens species (~90 species worldwide, according to
their presence in horticultural databases; Plant Finder of the Royal
Horticultural Society; PlantFiles of Dave’s Garden; HortiPlex Plant
Database of GardenWeb), together with the fact that many of them
have become invaders, some of them widespread, makes the genus
a suitable model group to ask what drives the performance of those
that succeeded. As the genus includes both successful invaders
and species that do not invade despite being planted provides an
opportunity to compare species traits of closely related species
unbiased by phylogenetic effects. Moreover, the presence of both
native and invasive Impatiens species in our study area of central
Europe makes it possible to assess the role of invaders’ biological
similarity to the native species, and whether or not it is benefi-
cial for naturalization in the new range. To obtain insights into the
mechanisms of invasion within the genus, we thus ask the follow-
ing questions: (i) Which biological traits are associated with the
ability to naturalize in the genus Impatiens? (ii) What is the role
of the frequency of planting in the probability of becoming natu-
ralized? (iii) Are the traits of the native species, that is successful
in a given settings, close to those of the successfully naturalized
species?

2. Material and methods

2.1. Study species

We selected nine alien species of Impatiens, and one cultivar
(further termed ‘species’ for simplicity), differing in their invasion
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Overview of the Impatiens species with their characteristics. [nvasion status (naturalized = established in DAISIE terminology) is taken from DAISIE (2015), number of global
temperate regions where naturalized from the GloNAF database (van Kleunen et al., 2015 see text for details). Planting frequency was based on the knowledge of cultivation
of the given species in the past, seed availability on Internet and availability on botanical gardens seed lists (Index semina 2009 and 2010). Information on the first report
of cultivation, region of native distribution and invaded range is according to ' Adamowski and Tokarska-Guzik (2008), 2the Global Biodiversity Information Facility (www.
gbif.org), *Tropicos (www.tropicos.org), “Baade and Gutte (2008), >Kalveram (2014), ®http://waarneming.nlfwaarneming/view/51036938. Seed sources: ! Antwerp Botanic
Garden, 2Botanical Garden Graz, *Botanical Garden in Krefeld, 4Botanical Garden of the Masaryk University, >Botanical Garden of the Regensburg University, °Botanical Garden
of the University of Agronomic Science and Veterinary Medicine in Bucharest, 7Botanical Garden of the University of Hohenheim, #Botanical Garden und Botanical Museum
Berlin-Dahlem, Ecological-Botanical Garden in Bayreuth, °Siauliai University Botanic Garden, '!Station of Nature Research and Environmental Education - Marijampole,
12\, ]. Beal Botanical Garden of the Michigan State University; seeds were obtained via seed lists from years 2009 (in the table marked by ") and 2010.

Invasion Number of naturalized  Planting Cultivation Region of Invaded range Seed sources
status in temperate regions frequency native
Europe globally distribution
I balfourii Hook. f. Naturalized 6 Rare 1901, France W Himalaya! S & W Europe, Japan, N 4,6,9
America, SE Australia'- 3
1. balsamina L. (incl. Casual 34 Common 2000 BC India,  India, tropical and warm 1,4,5,6,7",8,10;
1. balsamina ‘alba’) 1542 Europe! ~ Myanmar! temperate regions', 11°(L balsamina ‘alba’)
recently also
Scandinavia and
Canada®
I capensis Meerb. Naturalized 10 Rare <1822 Great N America' W, C & N Europe, East 12
Britain' Asia, N America' 3
1. edgewothii Hook. f.  Casual 1 None 21983, W Himalaya! Germany* 8
Germany®
1. flemingii Hook. f. Not escaped 0 None No data NW Himalaya? No data 2
1. glandulifera Royle Naturalized 45 Common 1839, Great W Himalaya' Europe, Asia, N America,  Field; Czech Rep.
Britain! New Zealand, Japan'- 3 (50°18'4.315" N,
16°5'22.730"E)
I noli-tangere L. Native 0 - - Europe, N & E - Field; Czech Rep.
Asia, WN (50°21'28.501"N,
America®- 3 16°9'48.858"E)
I parviflora DC. Naturalized 30 Common 1830, C Asia’ Europe, N America, E Field; Czech Rep.
Switzeland' Asia'3 (50°6'42.770" N,
15°10'10.635"E)
I. scabrida DC. Casual 0 Rare 1836 Himalaya' Czech Republic!, 1,4,5;3,7,11 (under
Sweden?, Netherlands® the name I cristata)
I walleriana Hook. f.  Not escaped 9 Common 1883, Europe!  E Africa’ Tropical and warm 11"

temperate regions'

status (sensu Richardson et al., 2000) in Europe: four are natural-
ized (i.e., create self-sustaining populations), three casual aliens
(depend on repeated introductions by humans for their occurrence
in the wild) and two are only planted and not escaping from culti-
vation, and the native species I. noli-tangere (Table 1). The cultivar I.
balsamina ‘alba’ was included in the study because it exhibited the
most vigorous growth and highest fecundity in comparison with
of all other cultivars of I. balsamina (I. b. ‘flore’, and I. b. ‘violacea’)
and the botanical species of I. balsamina in a pilot experiment. All
species were annuals, except for I. walleriana, which is perennial,
but it is commonly planted from seed as an annual plant in the
temperate zone. The majority of species included in the study have
been cultivated since ~1850s, but only some of them to great extent
such as I. balsamina and I. walleriana recently, and I. glandulifera in
the past (Table 1).

2.2. Invasion success

We used two variables to describe the invasion success of the
Impatiens species studied: First, (i) invasion status in Europe (from
DAISIE, 2015), taken as the prevailing stage of the invasion process
reached in countries where the species was recorded. Accord-
ing to DAISIE we distinguished whether a species is naturalized
(‘established’ in DAISIE terminology), casual or did not escape from
cultivation; this reflects the realized invasion potential in the target
region of Europe. The second was (ii) the number of global temper-
ate regions in which the species is known to occur as naturalized.
Here, we restricted data to naturalization in temperate regions
only, because this corresponds to experimental conditions under
which Impatiens species were grown in our experimental garden.
The data on naturalization was taken from the GloNAF database,
the most comprehensive resource containing information on

naturalized alien floras in 843 regions of the world (van Kleunen
etal, 2015).

2.3. Frequency of planting

We included for each species the estimate of the frequency of
planting in Europe, a proxy for propagule pressure, which is known
to affect the invasion success (e.g. Dehnen-Schmutz et al., 2007a;
PySek et al., 2015) and therefore could bias the effect of plant
traits. The frequency of planting was scored on a rough scale (none;
rare; common) based on the knowledge of cultivation of the given
species in the past, seed availability on internet and availability on
botanical gardens seed lists (Index Seminum 2009 and 2010).

2.4. Species traits

For the study species, we measured traits that are supposed to
be beneficial to plant fitness and potentially related to ability to nat-
uralize or to invasiveness. Our aim was to cover plant performance
over the whole life cycle, by including not only traits of adult plants
that are most commonly addressed in studies on invasiveness, but
also traits related to seeds, and seedling stage. We measured the fol-
lowing traits in the three experiments: (i) experimental garden -
mostly adult traits (adult aboveground biomass - further referred
as ‘adult biomass’; fecundity and seed mass), (ii) climatic cham-
bers - seedling traits (seedling growth rate; total seedling biomass;
and seedling root/total biomass ratio), (iii) experimental garden -
seed germination (time since seed sowing to germination and seed
germination rate). We measured also adult plant height, but we
decided not to include it in analyses, because we consider the adult
plant’s biomass a better proxy of competitive strength, and both
measures were closely correlated (r=0.73; also see Fig. 3F).
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2.5. Seed sources

Seeds of Impatiens species occurring in the Czech Republic
(I noli-tangere, 1. parviflora and I. glandulifera) were collected in
summer 2011 in eastern and central Bohemia in the field; seeds
of the other species were obtained from botanical gardens making
seeds available via seed lists (Index Seminum) in 2009 and 2010
(Table 1). Seeds from the botanical gardens were sown in 2011
and plants grown in a glasshouse at the Institute of Botany CAS,
Prahonice, Czech Republic, to obtain sufficient number of seeds
for the experiments, to check species identity and avoid possible
maternal effects (Roach and Wulff, 1987). After collection, seeds
of I noli-tangere and I. capensis were kept in a refrigerator at 3°C
on heat-sterilized wet river sand in Petri-dishes, as dry storage
decreases the seed germination considerably (Perglova et al.,
2009). Seeds of other species were stored in paper bags at room
temperature.

2.6. Seed germination in the experimental garden

Twenty seeds were placed ina 10 cm x 10cm x 15 cm pot filled
with heat-sterilized common garden soil and covered by a thin
layer (0.5 cm) of soil, in 10 replicates per species. For I. flemingii
we were able to establish only seven replicates, because of the
low number of available seeds. This germination experiment
was established on 24 October 2012 in the experimental gar-
den of the Institute of Botany CAS in Pruhonice (49°59'38.972" N,
14°33/57.637” E; mean annual temperature 8.6°C; mean annual
precipitation 610 mm). The germination of seeds was recorded by
counting the emerged seedlings once a week from 31 January 2012
to 4 June 2013; the recording ceased when the number of seeds
germinated between the two counts was negligible. These data
were used to compute mean time to germination (MTG), further
referred to as ‘time to seed germination’, which was computed
as: MTG = Z(n x d)/N, where n is the number of seeds germinated
between scoring intervals, d is the incubation period in days since
beginning of the experiment, and N is the total number of seeds
germinated in the treatment.

2.7. Seed mass and seedling growth

Seeds were weighed on a micro-balance with a precision of
10~4 g in groups of 10 in 15 replicates (. flemingii only in 13 repli-
cates, due to the low number of available seeds). The seeds were
placed on heat-sterilized wet river sand into Petri-dishes and kept
at 5°C. The germinating seeds (with about 2 mm radicles) were
transplanted into the plastic trays with individual 39 ml wells filled
with sterilized river sand. Ten seeds per species were used, each
planted in one well. Trays were put on the plastic plates and sup-
plied with 50% Knop solution, which was maintained at the level
of 1-2 cm during the experiment to provide plants with optimal
conditions.

To achieve stable nutrient supply, conductivity of the solution
was measured three times a week and nutrient solution or dem-
ineralized water was added to keep the conductivity at 1770 wS/cm.
The nutrient solution was changed about every 10 days to pre-
vent the growth of algae. The seedlings were cultivated in climatic
chambers (V6tsch 1014) under a 16/8 h light/darkness regime, with
mean humidity of 70% during the light and 80% during the dark
period. The temperatures used simulated the gradually changing
daily temperatures recorded in the field in spring from a minimum
of 5°C to a maximum of 19°C (for details see Skalova et al., 2012).
Seedling height was measured since the release of the cotyledons
from the testa two times a week. After 10 measurements (~1 month
in total) the seedlings were harvested and separated into roots and
shoots. The biomass was dried at 70 °C for about 24 h and weighed.
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2.8. Adult traits

Individuals were grown separately, 10 replicates per species,
in 20cm x 20cm x 23 cm pots with ~5L of heat-sterilized com-
mon garden soil. Plants were watered daily by a micro-drip system
(Hunter Industries, San Marcos, USA) to provide full water supply.
To avoid full sunshine, shading net transmitting 50% of incident
radiation was used, to meet the Impatiens species’ general require-
ment of partial shade (Morgan, 2007; Cuda et al., 2014). Plants
were harvested individually, when the first symptoms of senes-
cence appeared, and their height was measured. Peduncles were
separated from the shoot biomass, counted, and considered as
a substitute for the number of capsules; they were dried sepa-
rately from the remaining shoot biomass at 70°C for about 24 h
and weighed. Fecundity was expressed as the number of seeds,
which was calculated as the number of capsules x average number
of seeds in the capsule, derived from seed counts in ~60 capsules
(from 45 to 96) per species. The capsule sampling for seed counts
was done continuously throughout the whole fruiting season, as
the number of seeds in capsule varies over time (J. Cuda, personal
observation). This experiment was carried out in the experimental
garden of the Institute of Botany CAS, in 2012.

2.9. Data analysis

We analyzed the data obtained from experiments both by
univariate and multivariate methods. First, we conducted sepa-
rate analyses of variance in seed mass, time to seed germination,
total seedling biomass, seedling root/total biomass ratio, adult
biomass and fecundity, using species identity as the only predic-
tor. These were followed by post hoc Tukey HSD tests. Meeting
the assumptions of linear models was checked by means of regres-
sion diagnostic plots. This resulted in logarithmic transformation
of some response variables (seed mass, adult biomass and fecun-
dity) in order to improve the homogeneity of variance. Seed
germination from the common garden was analyzed due to its
binomial nature by means of Generalized linear models (GLM)
of quasi-binomial family, since also considerable overdispersion
was detected (dispersion parameter @ =3.35). The seedling growth
rate was computed as the species-specific regression slope derived
from the linear mixed effect models fit to square-root transformed
seedling height. Linear mixed effect models (LME) were used due
to repeated measures of individual plants with time since plant-
ing and its interaction with species identity as fixed effects and
random intercepts and slopes of time since planting for each mea-
sured individual. The post hoc tests cannot be conducted both in
LME and quasi-binomial GLM analyses and therefore we specified
the species identity predictors by use of treatment contrasts with
I. noli-tangere set as a reference species and tested the differences
of coefficient estimates of alien species from those of the native L.
noli-tangere by means of Wald tests (Crawley, 2007). The residual
degrees of freedom necessary for the Wald tests were calculated
for LME-analysis by Kenward-Roger approximation (Halekoh and
Hejsgaard, 2012).

We used the obtained species traits, i.e., model estimates of
species-specific coefficients (with exception of I. walleriana, which
was missing in some of the experiments due to zero seed germi-
nation) as the main dataset for multivariate analyses (estimates of
fixed effects were used in the case of seedling growth and back-
transformed estimates were used in the case of seed germination
rates in the common garden). The variation in the species traits was
summarized by means of principal component analysis (PCA).

The main aim of the multivariate analysis was to relate the
traits of nine (I. walleriana was excluded because it did not com-
plete the life cycle, thus some traits were missing) alien species
and their frequency of planting to their naturalization, expressed
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Table 2

Correlation matrix of species traits and frequency of planting with ability of species to naturalize. Supporting information to Fig. 1.

Naturalized regions Naturalized Casual Not escaped

Seed mass 0.79 0.19 0.52 -0.75
Time to seed germination 0.51 0.54 0.37 —0.99
Seed germination 0.38 0.77 -0.2 —0.68
Seedling growth rate 0.75 0.4 -0.17 -0.29
Total seedling biomass 0.45 -0.03 0.25 -0.21
Seedling belowground|/total biomass ratio -0.55 0.23 -0.49 023
Adult biomass -0.25 —0.12 0.24 -0.1
Fecundity -0.6 -0.53 0.29 0.32
Planted not —-0.53 -0.58 033 0.33
Planted rare -0.48 0.26 -0.45 0.15
Planted common 0.95 0.26 0.15 —0.45

as the naturalization status in Europe and the number of geographic o

temperate regions worldwide where naturalized. Since there is N

no clear causality between the species traits, and the measures hturalized

of naturalization and frequency of planting (i.e., no response and

predictor dataset), we decided to use co-inertia analysis to test for

association between these two datasets (Dray et al., 2003). We uti-

lized RV-coefficient, a multivariate extension of R%, as a measure of

agreement among the two datasets (Robert and Escoufier, 1976).

The significance of its value was assessed by permutation tests with

9999 replications. seed mass * €9

All analyses were conducted in R 3.1.1 statistical environ- Jecundity
ment (available at www.r-project.org). Besides the base installation planted commqn
packages, we used packages: Ime4 1.1-7 for fitting LME model; <

pbkrtest 0.4-1 for calculating the Kenward-Roger approximation
of residual degrees of freedom of LME model; and ade4 1.6-2 for
conducting the Co-inertia analysis and testing the significance of
RV-coefficient by permutation test (Dray and Dufour, 2007). The
ordination diagrams were drawn CANOCO v. 5.0 (ter Braak and
Smilauer, 2012).

3. Results

3.1. The relationship of biological traits and frequency of planting
with the species’ ability to naturalize

The species traits and the frequency of species’ planting were
closely correlated with the measures of naturalization success;
the multidimensional correlation coefficient was 0.697, P=0.019.
Different biological traits were important in affecting the species’
naturalization in Europe, and the number of temperate regions
where it has become naturalized globally (Fig. 1, see also Table 2).
In general, seedling traits were more strongly correlated with main
gradients of the ability to naturalize than were the adult traits
(biomass and fecundity). High frequency of planting was strongly
positively correlated with the number of naturalized temperate
regions worldwide (r=0.95, see Fig. 1 and Table 2) and negatively
with not escaping from cultivation in Europe (r=-0.45).

Species naturalized in many temperate regions of the world
were positioned close to each other within the trait space (I. glan-
dulifera, I. parviflora, I. balsamina incl. I. balsamina ‘alba’, and I
capensis; see Fig. 2 and Table 2) and had heavy seed, high seedling
growth rates and low proportion of total seedling biomass allo-
cated to roots. On the contrary, species naturalized in few or no
temperate regions showed much scatter in their traits. For instance,
I flemingii and I. scabrida, not reported as naturalized anywhere in
the world, had shorter time to seed germination and low seed mass
(see Table 2 for details). Common planting of Impatiens species was
more strongly associated with naturalization success than were
their biological traits (r=0.95; see Table 2 and Fig. 1).

Plants naturalized in Europe exhibited high seed germination
(r=0.77, see Table 2), and long times to seeds to germinate; species

not escaped SGR

lante: seed germination

P
seedling root/total biomass rati

L] casual
A3

-1.5 15

Fig. 1. Relationship between species traits, planting frequency (blue arrows) and
their ability to naturalize (red). Co-inertia ordination diagram. Permutation test of
co-inertia (“correlation” between species traits, planting frequency and naturaliza-
tion) P=0.02, RV coefficient (multidimensional correlation coefficient)=0.697. First
two axes explained 69% and 19% of total variability. Abbreviations: SGR - seedling
growth rate; TSG - time to seed germination; TSB - total seedling biomass; # reg —
number of temperate regions where species is naturalized; naturalization status in
Europe (naturalized, casual, not escaped); planted (common, rare, not) - planting
frequency. Biomass was transformed by natural logarithm. Native I. noli-tangere, I.
balsamina ‘alba’ (due to missing values of invaded and naturalized regions) and I.
walleriana(due to low germination resulting in missing species traits) were excluded
from the analysis.

known only to occur as casuals had heavy seeds and allocated more
resources into shoots than roots (Fig. 1, see Table 2 details). Species
not reported to escape from cultivation had short times to germina-
tion and light seeds. Commonly planted species are likely to escape
from cultivation (see Table 2), the only exception being I. walleriana
that does not escape although commonly planted.

3.2. Differences in traits between native and alien species

The native species, I. noli-tangere, did not substantially differ in
biological traits from the alien species studied. Its position in the
multidimensional space derived from biological traits lies among
those of the other species (Fig. 2), and exhibited similar values of all
traits (Fig. 3A-H). Traits of the two most invasive species in central
Europe, I. glandulifera and I. parviflora, and I. balsamina, especially
I. balsamina ‘alba’ were more similar to those of the native species
than were traits of the other aliens, and the same was true for the
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Fig. 2. Relationships of traits of Impatiens species. PCA ordination diagram. First two
axes explained 49% and 19% of total variability, respectively. Diameter of circles is
proportional to the number of naturalized temperate regions worldwide for each
species; note that this variable was not included in the analysis. Species symbolized
by solid circles are not known to be recently naturalized anywhere; native species,
I. noli-tangere, is in bold. The same symbol size is used for I. balsamina ‘alba’ and
for I. balsamina as there are no data about the naturalization of I. balsamina ‘alba’.
Abbreviations: SGR - seedling growth rate; TSG - time to seed germination; TSB -
total seedling biomass.

native species’ close relative I. capensis. On the contrary, traits of
species which do not invade (1. flemingii, I. scabrida, see Figs. 2 and 3)
were different from those of the native L. noli-tangere as well as from
those that invade.

4. Discussion

4.1. Biological traits associated with naturalization within
Impatiens

Impatiens species naturalized in many temperate regions had
heavier seeds than less broadly distributed species, which con-
tradicts the results of some previous studies that invasive species
have on average lighter seeds (Rejmanek and Richardson, 1996;
Moravcova et al., 2010; but see Crawley et al., 1996). Generally
heavy seeds disperse worse than light seeds; this relationship
was observed both among (Harper et al., 1970) and within species
(Morse and Schmitt, 1985; Cappuccino et al., 2002). The trade-off
between seed mass and dispersal capacity drives the balance
between the probability of species’ establishment and spread. In
the Impatiens species studied dispersal seems to be less important
than establishment, or alternatively, seed mass may not be so
closely related to seed dispersal. The explanation could be that
invasive Impatiens species effectively disperse over long distances
by soil movements, animal activity, forestry machines (Coombe,
1956), and by water flow (Lhotska and Kopecky, 1966); these
modes of dispersal are not much affected by seed mass. In a
similar vein, species in cultivation are dispersed with garden waste
(Adamowski and Tokarska-Guzik, 2008) where differences in seed
mass are unlikely to play a role as well. The seemingly surprising
negative relationship between naturalization success and fecundity
is probably due to the general inverse relationship between seed
mass and fecundity. One possible explanation is that the advantage
gained from producing large seed outweighs possible constraints
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from a lower seed number, resulting from the trade off between
the number and mass of the seed per plant (Westoby et al., 1992).

Heavy seeds are also advantageous for germination and seedling
development, hence plant establishment (Baskin and Baskin, 1998).
This is supported by the pattern found in our study where the
seedlings of heavy-seeded species had higher germination rates
and grew faster. The high performance of large-seeded Impatiens
can be related to light requirements of the majority of species; i.e.,
their preference of shaded sites (Morgan, 2007). Shade-preferring
plants in general tend to have larger seeds, ensuring enough stored
reserves before the plant develops sufficient leaf area (Walters and
Reich, 2000).

In our data, there was a strong relationship between Impatiens
seed mass and time to seed germination; similarly to Tomback and
Linhart (1990), who found that heavy seeds need a longer chilling
period in order to overcome dormancy. This is one of the mech-
anisms involved in winter seed survival that is very important in
temperate regions to ensure proper timing of germination (Baskin
and Baskin, 1998). Proper seed germination is crucial for establish-
ment of Impatiens species populations, as a mechanism to avoid
winter frosts to which they are rather sensitive (Beerling, 1993;
Skélova et al., 2011). The low hardiness of Impatiens species prob-
ably causes their limited spread in colder regions, despite many of
them being cultivated; the importance of hardiness in general for
plant invasion has been previously documented (Dehnen-Schmutz
et al., 2007b; Hanspach et al., 2008).

The most successful invaders in Europe, I. glandulifera and L
parviflora, are both superior to their non-invasive congeners in at
least one particular trait. Impatiens glandulifera is much taller and
both its seedlings and adults produce much more biomass than all
other species, making its individuals highly competitive. Impatiens
parviflora had the highest germination rate of all species, indicat-
ing its perfect adaptation to local (climatic) conditions, which could
be related to one of the earliest introduction dates to Europe of
all species tested (Table 1). The invasion success of I. parviflora is
also ascribed to its extreme plasticity (Skélova et al., 2012, 2013)
and wide environmental tolerance, especially to shade and drought
(Coombe, 1956; Cuda et al., 2014), enabling growth both in spruce
plantations and along river banks (Sadlo et al., 2007). We suggest
that I parviflora is an example of a species filling an empty niche
not occupied by a native species (Hejda, 2012), which compensates
for its low competitiveness (Skalova et al., 2013; Cuda et al., 2015).

The ability to naturalize of I. balfourii and I. capensis may be
limited by poor seedling growth, which is not offset by the high ger-
mination of seeds. However, I. balfourii is highly invasive in western
Europe and is currently spreading in southern Europe (Adamowski,
2009), which may be due to higher spring temperatures. Similarly
I. capensis invades areas with a mild temperate climate in west-
ern Europe (Adamowski and Tokarska-Guzik, 2008; GBIF, 2012).
Unclear is the future of invasion of I edgeworthii, because this
species has both traits of a successful invaders and species, which
do not invade, but the growing number of records from Germany
indicates its potential to spread (Baade and Gutte, 2008; Weiss,
2013; Kalveram, 2014).

The two proxies of naturalization were not associated with
the same traits: for example the number of regions where the
species is naturalized showed relatively weak relationship to seed
germination, but the species naturalized in Europe were strongly
positively linked with this trait. Invasive species in Europe (I
parviflora, I. capensis, I. glandulifera) had higher seed germina-
tion and germinated later than non-invasive species, similar to
the pattern reported for Senecio species (Radford and Cousens,
2000). Conversely, I. flemingii, which is not known to escape from
cultivation, had low seed germination and an extremely short
time to germinate. Differences in predictive power between both
measures of naturalization most likely reflect their nature: the
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Fig. 3. (A-H) Comparison of traits of Impatiens species within the study during the whole life cycle. Overall P-value of the test and R? (in case of seed germination likelihood
pseudo-R? — R?, Menard, 2000) noted by each graph. Results of Tukey HSD post hoc comparisons indicated by letters below each boxplot. Post hoc tests for seed germination
(C) were not conducted, since they are not defined for quasibinomial GLM. Model coefficients of non-native species significantly different from native I noli-tangere are
marked by asterisks (***P<0.001; **P<0.01). Total seedling biomass includes both the above- and belowground biomass (D), adult biomass shows the aboveground biomass

only (G).

naturalization status in Europe is a qualitative trait related to the
ability to become naturalized in a new region, whereas the number
of temperate regions globally relates also to the species’ ability to
become widespread. Therefore, the latter relates not only to ability
to naturalize but also provides some indication of invasiveness at
the global scale.

Both measures of naturalization were positively associated
namely with delayed germination, followed by rapid growth of
seedlings (see Fig. 1 and Table 2). This indicates that the seed
and seedling traits were more closely associated with successful
naturalization within Impatiens than the traits of adult plants,
such as biomass and fecundity. The importance of early life stages
for invasiveness (Grotkopp and Rejmdanek, 2007; van Kleunen
and Johnson, 2007; Dawson et al., 2011; Skalova et al., 2012) and

fitness in general is crucial especially for annuals that have to
succeed in early life stages to reach the only reproduction in their
life, while perennial plants can persist in early life stages for many
seasons before they reproduce. All but one species in our study
were annuals that have very poor or non-existing seed banks
(Perglova et al., 2009); this makes the early life stage even more
critical because their persistence at a site is crucially dependent
on successful reproduction and establishment in a given year.

4.2. Commonly planted species are more likely to become
naturalized

Our results support the assumption that frequency of plant-
ing contributes to successful naturalization of plant species. This is
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in accord with findings of previous studies that frequent planting
increases propagule pressure and therefore promotes species inva-
siveness (Groves et al., 2005; Dehnen-Schmutz et al., 2007a; PySek
et al., 2015). For Impatiens, planting was among the most impor-
tant correlates in comparison with the biological traits of species,
regardless of the measure of naturalization. Similarly, Hanspach
et al. (2008) found that propagule pressure, expressed as the num-
ber of botanical gardens in Germany where an alien species was
planted, was among the most important predictors of its natural-
ization success.

Interestingly, common planting was strongly correlated with
naturalization in temperate regions worldwide (see Table 2), while
in Europe the effects of common and rare planting were of lesser
importance.

4.3. Successful aliens differ in traits from unsuccessful ones

In our model system the species that were more similar to the
native I noli-tangere tend to become naturalized in Europe and
those that are most different do not. Nevertheless, the majority of
naturalized species had traits similar to each other, and different
from non-invasive species, while the native species possess traits
intermediate between these two groups. However, since our data
set includes only one native species, the aforementioned pattern
needs to be taken with caution. Interestingly, the invasive aliens I.
parviflora and I. glandulifera, long established in central Europe, and
also I. capensis, were the most similar to the native I noli-tangere
when considering all traits together. The same time to seed germi-
nation for all four species, including the native, indicates that the
right timing of germination is crucial for successful performance
of invaders in the temperate zone (Hanspach et al., 2008). Impa-
tiens capensis, closely relative to native I noli-tangere (Yuan et al.,
2004) seems to be limited in its spread to continental Europe by
its poor seedling performance (Beerling and Perrins, 1993; Skalova
etal., 2012). In Europe it is invasive predominantly in the western
part of the continent (Adamowski and Tokarska-Guzik, 2008; GBIF,
2012), where seasonality and also diurnal fluctuations are less pro-
nounced as the temperature is buffered by oceanic water masses.
In the same vein, I. flemingii and I. scabrida, which markedly differ
in their traits from the native species, do not represent a potential
threat, because they are limited by climatic conditions; their seeds
germinate too early.

In conclusion, it is important to stress that 9 of 10 alien Impatiens
species included in the experiment completed their life cycles in an
experimental garden in central Europe (the only exception being I.
walleriana). This indicates that those species up to now not reported
as naturalized are unlikely to be limited by the regional climate as
to their escape from cultivation, and that the majority of Impatiens
species represent potential invaders should their planting become
more widespread. For prediction, it is important to emphasize that
invasiveness in Impatiens is associated namely with the traits of
early life stages, such as high seed mass, delayed germination and
fast seedling growth, while the traits of adult plants are of lesser
importance.
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Abstract The genus Impatiens (Balsaminaceae)
includes three widespread species in the Czech
Republic, central Europe: the native I. noli-tangere,
and two invasive species, I parviflora and I. glandu-
lifera, differing in the dynamics of invasion. They all
occur in similar habitats and share basic life-history
characteristics, which make them a suitable model for
studying species traits associated with invasiveness. In
this study we investigated differences in habitat
requirements of these Impatiens species, their coexis-
tence and short-term population dynamics in the ficld.
We established 84 1 x 1 m permanent plots in five
localities where all three species co-occurred. In each
plot vascular plant species were determined, their
cover estimated and all individuals of Impatiens
species counted. Site characteristics including tree
canopy cover, soil moisture, nitrogen and carbon
content, and slope were measured directly. Nutrients,
light, humidity and soil reaction were estimated using
Ellenberg indicator values. The presence of 1. noli-
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tangere was strongly correlated with high soil mois-
ture, that of I parviflora with high tree canopy cover
and low soil moisture. Impatiens glandulifera exhib-
ited a unimodal response to tree canopy cover,
avoiding both very shaded and fully open sites. The
current-year abundances of all species were negatively
related to those of congeneric species. These results
suggest that the coexistence of Impatiens species in the
same habitat is due to microsite differentiation.
Further spread of I. glandulifera to new habitats, and
reduction of the native I. noli-tangere niche, can be
expected in areas where the latter species co-occurs
with competitively strong invasive congeners.

Keywords Balsam - Canopy cover - Congeneric
species - Ellenberg indicator values - Microsite
differentiation - Soil moisture

Introduction

Many studies show that some invasive species are
competitively superior to native species (Baker 1965;
Roy 1990; Mack et al. 2000; Vila et al. 2011), reduce
native biodiversity and change the functioning of
invaded ecosystems (Vitousek and Walker 1989;
Hejda et al. 2009a; Pysek and Richardson 2010; Vila
et al. 2010; Gaertner et al. 2011). The success of
invasive species has been traditionally attributed to
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their biological and ecological traits, such as tall
stature, high biomass, high growth rate and fecundity,
and efficient dispersal (Pysek and Richardson 2007;
Moravcovd et al. 2010; van Kleunen et al. 2010). It has
also been suggested that invasive plants are pheno-
typically more plastic than non-invasives or natives,
hence able to grow and reproduce in a wide range of
environmental conditions (Pigliucci 2005; Berg and
Ellers 2010; Skélova et al. 2012), which may result in
broadening their habitat niche in the invaded range
(Richards et al. 2006; Hejda et al. 2009b).

Invasive species often belong to families not
present in the local flora (Rejmanek 1996; Daehler
2001). This might reflect a release of invasive species
from strong inter-specific competition upon their
introduction to a new range (Darwin 1859; Maherali
and Klironomos 2007; but see Cavender-Bares et al.
2009). Thus, particularly strong competition is
expected if there is a native congener present in the
new range (Dayan and Simberloff 2005).

The competitive advantage of an invasive plant
may also depend on various environmental factors
(Shea and Chesson 2002; Suding et al. 2004; Vinton
and Goergen 2006), as species abundances in a
community result from inter-specific interactions,
which can differ along environmental gradients (Til-
man 1982). Available studies suggested that the
negative effect of invasive plants on natives was
decreased in stressful environments (Richardson et al.
2012), while the success and impact of invasive plants
on the natives was enhanced by increased nutrient
levels (Green and Galatowitsch 2002, Holdredge et al.
2010, Witkowski 1991) or greater light intensity
(Molina-Montenegro et al. 2012). Indeed, recent
studies indicated a considerable role of the character-
istics of recipient habitats in plant invasions (Chytry
et al. 2008a, b; Pysek et al. 2010), that interact with
climate and propagule pressure. Thus, gradients of
sites ranging from entirely dominated by invasive
plants to invader-free that can be found in the field,
depending on local conditions, represent a suitable
model for studying the interactions among invasive
and native species.

To get better insight into processes driving the
performance of invaders in invaded communities we
use three annual species of the genus Impatiens
(Balsaminaceae) occurring in central Europe. The
species were the native I noli-tangere and two

@ Springer

34

aliens differing in their invasion status: a highly
invasive 1. glandulifera and less invasive I parvifi-
ora. Using congeners minimizes phylogenetic biases
(Burns 2004; Grotkopp and Rejmanek 2007; van
Kleunen et al. 2010) as well as those associated with
other traits such as life history or dispersal mode.
Congeneric studies also have the potential to reveal
traits associated with invasiveness, possible micro-
site differentiation, or shifts in realized niches to
avoid competition, thus separating the effect of niche
from that of differences in fitness (MacDougall et al.
2009). The three species we address in our study co-
occur in some sites, which minimized habitat- and
community-related biases because species from the
same habitats tend to be similar to each other in
terms of ecology, and different from species in other
habitats (Morgan and Smith 1979; Franks and
Farquhar 1999). So far the coexistence in the field
of species within the Impatiens genus has only been
studied for I noli-tangere and 1. parviflora. These
studies revealed considerable habitat overlap and
impending competition due to the spread of the latter
congener (Vervoort and Jacquemart 2012) and
marked differences in the environmental optima of
the two species (Godefroid and Koedam 2010).
However, 1. noli-tangere and I. parviflora may come
often into competition with I glandulifera in the
near future because the latter spreads from river
banks into the surrounding habitats where the former
two typically occur (Malikova and Prach 2010). In
addition, investigating species that coexist allows
detailed study of the role of site-specific factors such
as microrelief, soil moisture and shading, which
likely shape invader performance, while eliminating
the potentially confounding effects of environmental
factors linked to geography, geology and climate.

Our study is the first to investigate interactions
among all three Impatiens congeners commonly co-
occuring in central Europe. Because we conducted the
study over a period of four years, we were able to
assess mid-term trends in the population dynamics of
these annual species. We ask (1) what site-specific
environmental conditions determine the presence or
absence of the Impatiens species (2) what are the main
abiotic and biotic factors that determine the short-term
population dynamics of these species in the field, and
(3) under which combination of the studied factors is
the coexistence of Impatiens species possible?
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Materials and methods
Study species

The three annual species of Impatiens (Balsamina-
ceae) occurring in the Czech Republic possess similar
biological characteristics (Perglova et al. 2009; Ska-
lova et al. 2012), but differ in their origin and invasion
status. Impatiens noli-tangere is a European species
native to the study region, the two introduced species
occur as naturalized or invasive in a number of
European countries (Lambdon et al. 2008) and both
are classified as invasive in the Czech Republic (Pysek
et al. 2012b). However, the occurrence of . parviflora
is stabilised, while I glandulifera is still spreading
rapidly (Williamson et al. 2005; Pysek et al. 2012a).
The species are often found growing together in the
same habitats.

Impatiens noli-tangere (N) is widely distributed
across the whole Czech Republic except for the driest
areas and mountains over 1,000 m a.s.l. It grows in
damp, fertile soils in partly shaded sites in forests,
clearings and along rivers (Slavik 1996; Hatcher
2003). The species germinates in April, flowers from
July to August and sets seed from mid-July to the end
of August. It may be suppressed by competition from
L parviflora (Tichy 1997, Chmura and Sierka 2007),
which is also capable of outcompeting native species
from the herb layer (Falinski 1998).

Impatiens parviflora (P), native to Central Asia,
grows on nutrient-rich soils, but with lower nitrogen
levels than is characteristic for soils preferred by I
noli-tangere (Godefroid and Koedam 2010). It is
recorded from 45 habitat types in the Czech Republic,
growing as a dominant species in nitrophilous herba-
ceous vegetation of mesic sites, alluvial forests, oak-
hornbeam forests, ravine forests, spruce plantations
and Robinia pseudoacacia plantations (Pysek et al.
2012a). It germinates in April, flowers from mid-June
to November and sets seed from late June to Novem-
ber (Coombe 1956). Studies reporting the impact of I.
parviflora on species richness of invaded communities
yielded rather ambiguous results, with negative
(Obidzinski and Symonides 2000) but also no effect
(Hejda 2012) on the numbers of co-occurring plant
species reported.

Impatiens glandulifera (G), native to Himalayas, is
highly invasive in Europe (Adamowski 2008). In the
Czech Republic it is a dominant species of nitrophilous

herbaceous fringes of lowland rivers. It also finds
optimum conditions on loamy and sandy riverbanks
and in riverine reed vegetation, and invades on fresh
soil heaps, in forest clearings and margins and along
forest roads. In total, it occurs in 16 habitat types (Pysek
etal. 2012a). The plants germinate in April, flower from
the late July until the first frosts, and set seed from the
end of August. Until recently its invasion in the Czech
Republic has been restricted to floodplains and sur-
roundings of villages with nutrient-rich humus and
permanently moist soils. However, in the last decades
the species has started to widen its habitat niche by
spreading outside floodplains, such as in forest clear-
ings and abandoned meadows (Malikova and Prach
2010; Pysek et al. 2012a). As one of the tallest
European herbs (up to 250 cm), 1. glandulifera is
competitively superior, and by suppressing native flora
in invaded sites (Beerling and Perrins 1993; Pysek and
Prach 1995; Hulme and Bremner 2005; Clements et al.
2008) it changes the composition of invaded commu-
nities (Hejda and Pysek 2006; Hejda et al. 2009a).
Competition for pollinators with native plant species
(Chittka and Schiirkens 2001, Vervoort et al. 2011) and
allelopathy (Vrchotova et al. 2011) were also suggested
to play a role in this species’ invasion.

Study sites and sampling

Habitat requirements and coexistence of Impatiens
species were studied at five sites in the Czech Republic
(Table 1). The sites were chosen because they hosted
populations of all three Impatiens species under study.
In August 2008, we established plots 1 x 1 m in size,
covering all factorial combinations of the species’
presence and absence. At each locality, we set plots
with only one of the three Impatiens species present
(N, P, G), with two co-occurring species (NP, NG,
PG), and with all three species (NPG). Each combi-
nation was replicated 2-3 times in each site, depend-
ing on the availability of mixed populations at the
scale of the plot. In total, 84 plots were established in
the five sites (Table 1). The minimum distance
between plot margins was 3 m, maximum distance
1 km. The plots were sampled once a year in August,
i.e. at the peak of Impatiens vegetative development,
from 2008 to 2011, which corresponds to the time
when also other vegetation in the study sites was fully
developed. Since one plot was destroyed, 83 were
available for analyses.
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In each plot, all Impatiens plants were counted, and
percentage covers of Impatiens species, other vascular
plant species and bare soil were estimated. Cover
values below 10 % were estimated in increments of
one (i.e., 1, 2, ... 10 %) and cover values above 10 %
were estimated in increments of ten (i.e., 20, 30, ...
100 %). Plant species nomenclature follows Kubat
et al. (2002).

During each sampling we measured soil moisture
using a Moisture meter HH2 device with probe Theta
Probe ML2x (Delta-T Devices, UK); moisture was
measured in the four corners of the plot and average
values were calculated. Tree canopy cover (hereafter
called canopy cover) and slope (in °) were measured in
May 2009. Canopy cover served as a proxy of light
availability and was estimated based on a hemispher-
ical photograph (Guevara-Escobar et al. 2005). We
used a digital Canon 350D camera with objective
Sigma 8 mm F3.5 EX DG Circular Fisheye with
default camera settings. The camera was situated in a
vertical position in the plot centre, 1 m above the
surface, with the bottom of the photograph situated to
the north. To minimize error due to direct sunlight, we
took photos within 1 h in early morning or late
evening, when the sun was low above the horizon.
Photographs were converted in the program SideLook
(Nobis 2005) to bitmaps using blue colour channel,
whereby we achieved the maximum contrast between
tree canopies and the sky. The bitmap image was then
analysed in the program Gap Light Analyser 2.0
(Frazer et al. 1999). In May 2011 soil samples were
taken from the upper soil horizon (0-5 cm) at the edge
of the each plot to avoid damage to the seedlings in the
plot, and content of total nitrogen and total carbon was
recorded following Ehrenberger and Gorbach (1973).

Using species data obtained from the plots (with the
Impatiens species excluded) we calculated mean
Ellenberg indicator values (EIV) for light, moisture,
soil reaction and nutrients (Ellenberg et al. 1992) using
the programme Juice 7.0 (Tichy 2002). The calcula-
tion was based on species presence as weighting by
species abundances was shown not to provide more
accurate results (see Kéfer and Witte 2004). Temper-
ature and continentality were excluded because of the
minimum variability among plots. EIV describe the
response of a given species to edaphic and climatic
factors, using a 9- or 12-point ordinal scale, and
comparing it with other species (Godefroid and Dana
2007). These indicator values are derived from field
distributions of plant species in central Europe and can
therefore potentially act as surrogates for actual field
measurements (Thompson et al. 1993).

Statistical analysis

The relationships between particular Impatiens spe-
cies and accompanying species were explored by
multivariate analysis (DCA) in the Canoco for Win-
dows 4.5 program. The Impatiens species were
projected into the charts as supplementary variables
ex post. The design of analysis was restricted by
covariables (locality and year). Species cover was
square-root transformed. An ordination diagram was
produced in CanoDraw for Windows 4.0 (ter Braak
and Smilauer 2002).

The effect of site characteristics on the presence of
Impatiens species was tested by using generalized
linear models (GLM) with binomial error structure
and subsequent Chi square tests of predictor signifi-
cance. The aim of these analyses was to determine the

Table 1 Characteristics and numbers of plots in individual sites; climatic characteristics are taken from Tolasz (2007)

Site Prevailing GPS coordinates No. of plots  Altitude (m a.s.l.) Mean annual Mean annual
habitat N E temperature (°C) precipitation (mm)

Volyné  Alluvial forest 49°08'30" 13°53'44” 18 460 7 500

Celina Deciduous forest 49°43'52"  14°20'40” 18 300 8 500

Trebsin ~ Mixed forest 49°51'34"  14°27'56" 16 280 8 550

Krhanice Mixed forest 49°5130"  14°34'56" 15 350 8 550

PotStejn  Alluvial forest 50°04'15"  16°19'25” 16 340 7 650

The number of plots varies because not all combinations were present in all sites to allow for the complete replications (see text for

details)
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minimal adequate model. Significant predictor vari-
ables were chosen by backward selection, beginning
with the maximal model (containing all main effects
and interactions), then proceeding by the elimination
of non-significant terms (using deletion tests from the
maximal model) and retention of significant terms
(Crawley 2008). As carbon and nitrogen contents were
strongly correlated (r = 0.97, P < 0.001), we used
sample scores of the first canonical axis from PCA
analysis (referred to as C&N) in the statistical
analyses. In order to avoid pseudoreplication due to
abundances of individual species and soil moisture
being recorded every year, and canopy cover, slope,
and C&N only once, we used averages for all EIVs and
directly measured soil moisture in the models. The
presence of Impatiens species in the plot was
expressed as 0, 0.25, 0.5, 0.75 or 1 based on
absences/presences over the four years of recording
(coded O if species was absent and 1 if present
throughout the whole period). As locality never had a
significant effect in the preliminary analyses, we did
not include it in the models. Because we expected a
non-linear response of species to EIV for moisture and
light, soil moisture and tree canopy, we also included
squared functions of these variables. For all models we
included only two-way interactions, because of non-
orthogonal field data. Separate models were built for
the directly measured characteristics (soil moisture,
tree canopy, slope, C&N) and EIV (light, moisture,
soil reaction, nutrients); there was no collinearity
within either group. Variability explained by GLMs
was computed using Nagelkerke R?, which represents
pseudocoefficient of determination used for GLM
(Nagelkerke 1991). Finally we compared both models
according to the amount of variability they explained
(based on Nagelkerke R?) and added significant
factors from the model which explained less variabil-
ity, i.e. from the model using EIV variables, to that
with directly measured characteristics.

To compare the ecological requirements of the
species and predict their coexistence we used GLM
models with explanatory variables identified as sig-
nificant by the minimal adequate models for all
species, i.e. canopy cover, soil moisture, and C&N.

Short-term population dynamics were investigated
using linear models (LM) to test the effect of directly
measured site characteristics, bare soil cover and
abundance of the congener on the abundance of the
target species. The abundance of the target species in

the previous year was used as a covariable. Only plots
where a given Impatiens species was present were
involved in the analyses. The numbers of individuals
were log-transformed to achieve normality. Minimal
adequate models for individual species were obtained
by using backward selection according to same
criteria. The analyses were carried out in program R
2.12.2 (R Development Core Team 2011).

Results
Site characteristics

In total, 125 plant species (other than Impatiens) were
recorded in the plots. The most common species were
Urtica dioica (recorded in 55 % of the 84 plots), Oxalis
acetosella (46 %), Galeobdolon luteum (40 %), Poa
trivialis (37 %), Fraxinus excelsior (34 %), and Stel-
laria nemorum (30 %). The floristic composition was
relatively heterogeneous with centroids of all three
Impatiens species occurrence located closely together
(Fig. 1). The first two axes explained together 12.8 %
and covariables 9.1 % of variability in data. As
indicated by visual inspection of the DCA plot, all
Impatiens species grow together with G. luteum, 1. noli-
tangere with Galeopsis speciosa, U. dioica and Chry-
sosplenium alternifolium, while I. parviflora occurs
with Stellaria holostea, S. media, F. excelsior and
Dryopteris  filix-mas. Impatiens glandulifera often
grows in the same plots as Festuca gigantea and P.
trivialis (Fig. 1).

The minimum adequate models based on charac-
teristics directly measured in the field explained more
variability than those based on EIVs (Table 2). As
none of the factors estimated by EIV had a significant
effect in the model for I glandulifera, combined
models were only constructed for 1. noli-tangere and 1.
parviflora. However, adding of EIV variables to the
direct-measurement model for I parviflora did not
significantly increase the proportion of explained
variability. For I. noli-tangere, the quadratic term of
EIV for moisture significantly increased explained
variability, but in general, EIV variables had a poor
explanatory power (Table 2).

The occurrence of 1. noli-tangere was positively
related to directly measured soil moisture and to the
canopy cover x C&N interaction, and marginally
also to canopy cover. The occurrence of I. parviflora
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Fig. 1 Relation of Impatiens species to accompanying species;
DCA ordination diagram. The first two axes explained 7.0 and
5.8 % of total variability. Length of gradient = 3.893. Impa-
tiens species were projected as supplementary variables.
Covariables (site and year) explained 9.1 % of variability. Only
species with weight more than 3 % displayed. Full species
names: Aegopodium podagraria, Carex brizoides, Circaea
lutetiana, D. filix-mas, F. gigantea, Fraxinus excelsior, G.
luteum, G. speciosa, Geranium robertianum, Geum urbanum,
Glechoma hederacea, C. alternifolium, 1. glandulifera, I. noli-
tangere, I. parviflora, Lamium maculatum, O. acetosella, P.
trivialis, Rubus fruticosus, Rubus idaeus, S. holostea, S. media,
S. nemorum, and U. dioica

responded positively to canopy cover and negatively
to soil moisture, and that of I. glandulifera positively
to canopy cover and C&N, and negatively to the
quadratic term of canopy cover (Table 2). These
results indicate that 1. noli-tangere is likely to occur at
shaded sites with wet soils, whereas 1. parviflora is
associated with dry shaded sites (Fig. 2a, b). The
maximum probability of the occurrence of 1. glandu-
lifera is at sites with tree-canopy cover between 55 and
72 % irrespective of soil moisture; such unimodal
response indicates that this species avoids both very
shaded and fully open sites. The area with overlap of
more than 50 % probability of the occurrence of all
three species is rather narrow (Fig. 3).

There was a good correspondence between mea-
sured canopy cover, EIV for light based on the
presence of accompanying species, and the EIV for
light assigned to individual Impatiens species. I
glandulifera has the highest EIV for light of the three
congeners; this also holds true for the value computed
by using accompanying species, and accordingly, this
species occurred in plots with the lowest canopy cover
(Table 3). On the other hand, the high EIV for
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moisture assigned to I. glandulifera does not accord
with EIVs derived from accompanying species, which
are comparable among all three species, and it is even
contradicted by direct measurements suggesting that I.
noli-tangere is more demanding of wet soils. The high
EIV value of 1. glandulifera for nutrients does not
correspond to the direct measurements either.

Short-term population dynamics

For all three Impatiens species, the abundances in the
previous year (expressed as the number of individuals
and used as a covariate) had no effect on the
abundances in the year sampled. The abundance of I.
noli-tangere was negatively affected by that of I
glandulifera in the same year (Table 4). This negative
effect of a congener was even stronger for I parvifi-
ora, which was highly significantly suppressed by both
1. noli-tangere and 1. glandulifera. For the two
invasive species the negative effect of the other
congener’s abundance was mutual, because 1. glan-
dulifera was also highly significantly suppressed by /.
parviflora (Table 4). In terms of abiotic factors, the
abundance of 1. parviflora was negatively related to
soil moisture and positively, but marginally signifi-
cantly, to its quadratic term. The abundance of I.
glandulifera decreased with moisture and was posi-
tively affected by the slope x C&N interaction,
increasing in sites rich in C&N on steep slopes.

Coexistence of Impatiens species

The area of coexistence of all three Impatiens species
is quite limited (Fig. 3). The invasive species occupy
rather dry parts of gradient, in comparison with native
1. noli-tangere, which is more moisture demanding.
Impatiens noli-tangere seems to be outcompeted from
mild shade to very shady and sunny parts of gradient
by [ glandulifera, a species that is a stronger
competitor. On the contrary /. parviflora coexists with
L noli-tangere in sites that are too dry and shaded for
the native congener. The latter two species seem to
coexist, rather than compete, in marginal parts of their
niches. The two invasive species compete in open sites
where the light-demanding I. glandulifera can survive,
negatively affecting each other (Table 4). We suggest
that 1. glandulifera is suppressed by a dense cover of
its congener’s seedlings in spring and I. parviflora by
shading from I. glandulifera adults in summer.
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Table 2 Minimum adequate models based on characteristics
directly measured in the field (moisture, canopy cover. slope,
C&N) and derived from Ellenberg indicator values (mean EIV

per plot for moisture, light, pH and nutrients) for presence of
three Impatiens species in the field plots

L. noli-tangere 1. parviflora 1. glandulifera
D.f. Effect P EV D.f. Effect P EV Df. Effect P EV
(%) (%) (%)
Directly measured 38.5 37.0 40.1
Moisture 1,78 + <0.001 224 Canopy 1,80 + 0.001 19.4 Canopy 1,79 + 0.002 18.1
cover cover
Canopy 1,78+ 0.011 9.9 Moisture 1,80 - 0.001 17.7 Canopy 1,79 - 0.002 153
cover x C&N cover’
Canopy cover 1,78 (+) 0.069 0.7 C&N 1,79 + 0.050 6.6
C&N 1,78 0.495
Ellenberg indicator values 18.7 16.8
EIV moisture” 1,80 - 0.002 18.1 EIV 1,81 - 0.004 158
moisture

EIV moisture 1,80 0.558
Combined model 54.7
Moisture 1,76 + <0.001 224
EIV moisture 1,76 + 0.002 14.6
EIV moisture> 1,76 - 0.012 8.6
Canopy cover 1,76  (+) 0.069 54
Canopy 1,76 0.133
cover x C&N
C&N 1,76 0.495

Non-significant variables were excluded during the model simplification (slope and EIVs for light, pH and nutrients). Combined model was
only run for I noli-tangere. where adding EIV variables to directly measured variables significantly increased the variance explained in the

model

Bold values significant at (p < 0.05) results
Discussion
Accompanying species and site characteristics

The heterogeneous floristic composition of the study
plots without clear community differentiation shows
that native and invasive Impatiens species occur in
similar plant communities, as previously reported for
two of the species addressed in our study, I. noli-
tangere and I. parviflora (Vervoort and Jacquemart
2012). The limited community differentiation indi-
cates that both invasive Impatiens species are able to
colonize semi-natural communities harbouring the
native I. noli-tangere. Despite this, we found a weak
pattern in the species composition of communities in
which the three Impatiens species occur. Impatiens
noli-tangere is associated with hydrophilous species
typical of forest springs (e.g. C. alternifolium) and
nitrophilous forest margins or clearings (e.g. G.
speciosa). Impatiens parviflora grows together with

shade-tolerant species (e.g. D. filix-mas, Stellaria
media) and I. glandulifera with species able to
withstand shading by its canopy (P. trivialis, F.
gigantea). Similar species composition of Impatiens-
invaded plots was reported by Hejda and Pysek
(2006).

Impatiens noli-tangere performed well at moist,
slightly shaded sites. Its performance increased with
high carbon and nitrogen contents. Impatiens parvifi-
ora preferred shaded but dry sites (Godefroid and
Koedam 2010). I. glandulifera occurred in mild shade,
avoiding both extremes—full sunlight and deep shade.
This corresponds to the results of Maule et al. (2000)
who found the highest biomass of 1. glandulifera at the
margin of the forest. On the other hand, these authors
found no correlation of biomass with other environ-
mental factors including nutrient availability, which
appears to play a role in our study. In terms of the
effect of canopy cover, the results reported here
represent a field confirmation of our previously
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Fig. 2 a—c Occurrence of Impatiens species tested by GLM
prediction models with tree canopy cover and soil moisture as
explanatory variables in 83 permanent plots during the 4 years
of observation; x indicates absence of the species in the plot and

conducted cultivation experiments. We observed a
superior performance of 1. glandulifera under various
environmental conditions except simulated canopy
shade where biomass of its seedlings was comparable
with that of 1. noli-tangere and I. parviflora. On the
other hand, simulated canopy shade stimulated shoot
elongation, which enabled I. glandulifera to overtop
the congeners. The competitive advantage of I
glandulifera may be, however, limited by the fragility
of rapidly elongated stems (Skalova et al. 2012, 2013).
The positive relationship to C&N content and negative
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relationship to canopy cover may be explained by
using NO3;~ as osmoticum in stems and higher and
synchronised germination in nutrient rich soils
(Andrews et al. 2009). It needs to be emphasized that
the patterns reported above are valid only for sites with
populations of all three Impatiens species growing
together in conditions comparable to those of our
study. The site characteristics covered by our experi-
mental plots do not span the entire ecological niche of
the species, which is wider, especially in I parviflora
that invades a number of habitat types (Sadlo et al. 2007;
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Pysek et al. 2012a). Nevertheless, the habitats assessed
in this study are representative of the ongoing invasion
and are a useful model system to study the relationships
between invading species and competing native
congeners.

The absence of a relationship between the occur-
rence of 1. glandulifera and soil moisture is rather
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Fig. 3 Areas with a high probability of occurrence of the three
Impatiens species in relation to tree canopy cover and soil
moisture, with indication of their possible coexistence. The lines
represent 50 % probability of the given species occurrence, the
letters denote areas with more than 50 % probability of
occurrence of individual species (N = I. noli-tangere, P = I.
parviflora, G = L. glandulifera). Light grey area refers to a
combination of light and moisture under which only the native
species occurs; medium grey where invasive species occur, and
dark grey is the area where native and invasive species grow
together and compete

surprising as the species is commonly reported as
requiring high soil moisture (Ellenberg et al. 1992;
Beerling and Perrins 1993; Pysek and Prach 1995; but
see Maule et al. 2000). Typical sites invaded by I
glandulifera are riparian habitats, which are generally
rich in alien species (Richardson et al. 2007; Chytry
et al. 2008a; Lambdon et al. 2008; Pysek et al. 2010).
Riparian habitats provide suitable conditions for
germination, establishment and growth of nutrient-
demanding, fast-growing invasive plants (Davis et al.
2000; Blumenthal et al. 2009) and water streams serve
as a vector for propagule dispersal (Foxcroft et al.
2007; Richardson et al. 2007; Foxcroftet al. 2011). The
rather weak effect of soil moisture on the presence of 1.
glandulifera in our study suggests that the role of
streams in the dispersal of propagules may be more
important than ecological affinity of this species to
riparian habitats. Seeds of I glandulifera are easily
transported by water (Lhotska and Kopecky 1966) and
massive spread along rivers typically occurs shortly
after the river has been colonized, followed by later
spread into more distant sites outside the river corridor
(Malikova and Prach 2010). Recent colonization of
habitats such as woodland clearings, observed in the
last two decades, can be explained by the combined
effect of moisture and light conditions to which I.
glandulifera seems to respond differently than thought.

Directly measured characteristics were better pre-
dictors of the occurrence of the Impatiens species than
variables based on Ellenberg indicator values, which
confirms that indicator values provide only a rough
estimate of environmental conditions. Another expla-
nation could be the low number and stochastic

Table 3 Site characteristics directly measured in the field, Ellenberg indicator values (EIV) for the Impatiens species, and averaged
EIVs calculated based on species occurring in the plots (in brackets)

L noli-tangere

I parviflora

1. glandulifera

Canopy cover (%)
Moisture (%)
Nitrogen (%)
Carbon (%)

Slope (°)

ELV light

EIV moisture
EIV nutrients
EIV soil reaction

73.94 + 1.32, 58
40.13 + 1.65, 189
0.49 % 0.03, 58
7.09 + 0.41, 58
13.45 + 2.68, 58
4 (459 £ 0.12), 190
7 (5.87 £ 0.09), 190
6 (6.67 = 0.09), 190
7 (6.11 £ 0.08), 190

—_— =

77.05 + 1.31, 57
31.18 + 1.53, 164
0.60 =+ 0.04, 57
9.37 + 0.60, 57
19.54 + 2.45, 57
4 (452 £ 0.11), 164
5(5.72 & 0.09), 163
6 (6.48 = 0.09), 164
7 (5.87 £ 0.11), 157

70.90 + 1.85, 59
36.02 £ 1.64, 192
0.54 + 0.03, 59
8.26 + 0.51, 59
16.62 £ 2.57, 59
5(4.86 = 0.10), 192
8 (6.00 £ 0.10), 192
7 (6.67 = 0.10), 192
7 (6.03 = 0.10), 192

The figures are mean £ S.E., number of observations
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Table 4 Minimum adequate models for abundances, expressed as the numbers of individuals, of the Impatiens species as recorded in

the field plots

Factor L. noli-tangere Factor L parviflora Factor L glandulifera
Direction EV (%) Pr (>F) Direction EV (%) Pr (>F) Direction EV (%) Pr (>F)
G number - 4.0 0.017 G number - 15.7 <0.001 P number - 6.4 0.001
Moisture - 11.9 <0.001 Moisture - 6.0 0.002
N number - 7.6 <0.001 Slope x C&N + 3.8 0.011
Moisture>  + 2.3 0.049 C&N ) 2.1 0.061
Slope 0.203

N—I. noli-tangere, P—I. parviflora, G—I. glandulifera

From directly measured variables were tested: moisture, canopy cover, slope, C&N and bare land cover, only variables which passed to final
minimal model displayed here. The direction of effects and explained variance (EV) are indicated. Significant effects are in bold

occurrence of species in small-size plots. The results
thus indicate limited suitability of Ellenberg indicator
values, at least for studies investigating subtle differ-
ences in the responses of congeneric species with
largely similar ecology to environmental conditions
on a small scale (see also Smart and Scott 2004; Tichy
et al. 2010).

Short-term population dynamics

The fact that the numbers of plants in our study plots
cannot be used as a predictor of species’ abundances in
the following year can be due to several reasons. The
production of seed per plant in Impatiens species may
vary between years as the allocation to reproduction
depends on environmental conditions (Daumann
1967; Skalova et al. 2013). The relationship between
abundances in subsequent years can be further masked
by seed rain from the surroundings of the plots and by
the seed bank, which is developed in I. noli-tangere
(Perglova et al. 2009) and sometimes also in I
glandulifera (Beerling and Perrins 1993).

The abundances of I. noli-tangere and 1. parviflora
were negatively affected by that of 1. glandulifera,
which was shown to overtop the shorter congeners
from the seedling stage under most conditions (Ska-
lovéa et al. 2012, 2013) and provide effective shade due
to extremely high SLA (Andrews et al. 2009). On the
other hand, the number of I glandulifera plants
decreased with increasing abundance of the other
invasive species, 1. parviflora. Such a negative effect
imposed by a less vigorous species may be caused by
the fact that both species produce a comparable
amount of biomass at the seedling stage, especially
in the shade and low moisture where 1. parviflora
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competes successfully (Skalovd et al. 2012). The
number of I parviflora plants was suppressed in
moderately wet sites, but increased in very wet sites.
Moisture therefore has different effects on this
species’ abundance versus its presence or absence;
the latter is determined by a negative monotonic
relationship indicating that the occurrence consis-
tently decreased towards low-moisture conditions. A
different sensitivity of plants in individual life stages
may thus serve as an explanation for this seeming
contradiction.

Surprisingly, the number of I. glandulifera plants
decreased with increasing moisture, therefore exerting
a stronger effect on this species’ abundance than on its
presence in plots, where the relationship was not
significant. Higher abundances in dry sites may result
from smaller plants produced under water limitation
and less severe self-thinning due to lower competition
for light (Yoda et al. 1963; Morris and Myerscough
1991). Overall, the negative effect of moisture on 1.
glandulifera abundance, together with the fact that this
factor did not affect this species’ presence in plots,
suggests that the generally assumed dependence of
this species on wet habitats needs to be revisited.

Species coexistence and its possible implications
for future invasion dynamics

The differences in microsite requirements indicate that
long-term coexistence of these species in the same
locality is possible (Shmida and Ellner 1984; Huston
and Deangelis 1994; VivianSmith 1997). In our study,
the overlap of conditions under which two or all three
species can coexist is rather limited (Fig. 3). This,
together with negative effects among individual
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species, suggests that the Impatiens species coexist at
the locality scale in separate microsites rather than
commonly forming mixed populations. The observed
coexistence in mixed stands thus seems to be transient
rather than permanent. I. parviflora was previously
reported to have no effect on the diversity of native
vegetation (Hejda 2012). This corresponds to our
result that the native I. noli-tangere is not negatively
affected by the presence of I parviflora, despite a
considerable habitat overlap of the two species
(Vervoort and Jacquemart 2012). The co-existence
of I noli-tangere with I parviflora may be also
facilitated by post-invasion trait divergence, which
results in increased size, earlier germination, increased
phenotypic plasticity and increased shade-avoidance
syndrome of the I noli-tangere plants growing
together with 1. parviflora (Dostal et al. 2012). Where
the three congeners occur together, spread of I
glandulifera is likely to be favoured due to its negative
effect on the population dynamics of both I noli-
tangere and I. parviflora. On the other hand, invasion
dynamics of I. glandulifera can be constrained by the
presence of I. parviflora in some situations.

The species-coexistence patterns might change if
shade-tolerant 1. glandulifera populations with poten-
tially superior performance in forests are selected. The
existence of drought-adapted genotypes is possible
and would explain the lack of relationship between the
presence of I glandulifera and soil moisture. The
existence of locally adapted genotypes, reported for
the closely related species I. capensis (Dudley and
Schmitt 1995; Donohue et al. 2001; Heschel et al.
2002), points to the possibility of this mechanism
acting in 1. glandulifera and contributing to broaden-
ing its habitat niche. Such locally adapted genotypes in
1. glandulifera are indicated by results of our previous
studies on frost resistance and timing of germination
as a response to spring temperatures at invaded sites
(Skalova et al. 2011).

The coexistence of the Impatiens species in the field
might be further determined by disturbances, both
natural and anthropogenic, that are frequent in riparian
and forest ecosystems and allow for population
regeneration in created gaps. Impatiens noli-tangere
is likely to profit from small-scale soil disturbances
that trigger recovery from the seed bank (Perglova
et al. 2009), while the spread of I. glandulifera is
encouraged by larger disturbances creating open space
by removing tree canopy (Maule et al. 2000).

Disturbances also accelerate soil decomposition and
result in an increase of soil NO3; ™ accessible to plants,
a process contributing to synchronous emergence of
seedlings (Andrews et al. 2009). It can be hypothe-
sized that disturbed sites occasionally colonized by 1.
glandulifera, such as forest clearings or margins of
abandoned wet meadows, serve not only as a reservoir
for further spread, but may select for populations
suited to spreading beyond the forest border. Succes-
sion towards shrub/woodland on nutrient-rich stands
proceeds quickly and the process may impose selec-
tion for more shade-tolerant [  glandulifera
populations.

We predict that the colonization of new habitats by
L. glandulifera will continue in the near future, while
the realized niches of its congeners in sites where
populations of the three species occur together will
become restricted. The results of this study suggest
that the displacement of the native I. noli-tangere will
be towards very wet parts of the moisture gradient,
either strongly shaded or completely open, and that of
L. parviflora towards dry shaded habitats. This sce-
nario is supported by the fact that 1. glandulifera was
the most competitive of the three species in terms of
establishment and survival of seedlings in experimen-
tally manipulated field plots (Skdlova and Pysek
2009). We conclude that both niche and fitness
differences (MacDougall et al. 2009) play a role in
shaping the pattern of coexistence among native and
invasive Impatiens species.

Acknowledgments We thank Radka Pokornd and Mirek
Martinec for their help in the field. Christina Alba kindly
improved our English and commented on the manuscript. The
work was supported by grant GACR 206/07/0668 (Czech
Science Foundation), long-term research development project
no. RVO 67985939 (Academy of Sciences of the Czech
Republic), and institutional resources of Ministry of
Education, Youth and Sports of the Czech Republic. Petr
PySek acknowledges the support of a Praemium Academiae
award from the Academy of Sciences of the Czech Republic.

References

Adamowski W (2008) Balsams on the offensive: the role of
planting in the invasion of Impatiens species. In: Tokarska-
Guzik B, Brock JH, Brundu G, Child L, Daehler CC, Pysek P
(eds) Plant invasions: human perception, ecological impacts
and management. Backhuys Publishers, Leiden, pp 57-70

Andrews M, Maule HG, Hodge S, Cherrill A, Raven JA (2009)
Seed dormancy, nitrogen nutrition and shade acclimation

@ Springer

43



188

J. Cuda et al.

of Impatiens glandulifera: implications for successful
invasion of deciduous woodland. Plant Ecol Divers
2:145-153

Baker HG (1965) Characteristics and modes of origin of weeds.
In: Baker HG, Stebbins GL (eds) The genetics of colo-
nizing species. Academic Press, New York, pp 147-172

Beerling DJ, Perrins DM (1993) Biological flora of British Isles:
Impatiens glandulifera Royle (Impatiens Roylei Walp.).
J Ecol 81:367-381

Berg MP. Ellers J (2010) Trait plasticity in species interactions:
a driving force of community dynamics. Evol Ecol
24:617-629

Blumenthal D, Mitchell CE, Pysek P, Jarosik V (2009) Synergy
between pathogen release and resource availability in plant
invasion. Proc Natl Acad Sci USA 106:7899-7904

Burns JH (2004) A comparison of invasive and non-invasive
dayflower (Commelinaceae) across experimental nutrient
and water gradients. Divers Distrib 10:387-397

Cavender-Bares J, Kozak KH, Fine PVA, Kembel SV (2009)
The merging of community ecology and phylogenetic
biology. Ecol Lett 12:693-715

Chittka L, Schiirkens S (2001) Successful invasion of a floral
market—an exotic Asian plant has moved in on Europe’s
river-banks by bribing pollinators. Nature 411:653

Chmura D, Sierka E (2007) The invasibility of deciduous forest
communities after disturbance: a case study of Carex bri-
zoides and Impatiens parvifiora invasion. For Ecol Manage
242:487-495

Chytry M, Jarosik V, Pysek P, Héjek O, Knollova I, Tichy L,
Danihelka J (2008a) Separating habitat invasibility by alien
plants from the actual level of invasion. Ecology
89:1541-1553

Chytry M, Maskell LC, Pino J, Pysek P, Vila M, Font X, Smart
SM (2008b) Habitat invasions by alien plants: a quantita-
tive comparison among Mediterranean, subcontinental and
oceanic regions of Europe. J Appl Ecol 45:448-458

Clements DR, Feenstra KR, Jones K, Staniforth R (2008) The
biology of invasive alien plants in Canada. 9. Impatiens
glandulifera Royle. Can J Plant Sci 88:403-417

Coombe DE (1956) Impatiens Parviflora DC. J Ecol
44:701-713

Crawley MJ (2008) The R book. Wiley, Chichester

Daehler CC (2001) Darwin’s naturalization hypothesis revis-
ited. Am Nat 158:324-330

Darwin C (1859) The origin of species. John Murray, London

Daumann E (1967) Zur Bestdubungs- und Verbreitungsokologie
dreier Impatiens-Arten. Preslia 39:43-58

Davis MA, Grime JP, Thompson K (2000) Fluctuating resources
in plant communities: a general theory of invasibility.
J Ecol 88:528-534

Dayan T, Simberloff D (2005) Ecological and community-wide
character displacement: the next generation. Ecol Lett
8:875-894

Development Core Team R (2011) R: a language and environ-
ment for statistical computing, Version 2.12.2. R Founda-
tion for Statistical Computing, Vienna

Donohue K, Pyle EH, Messiqua D, Heschel MS, Schmitt J
(2001) Adaptive divergence in plasticity in natural popu-
lations of Impatiens capensis and its consequences for
performance in novel habitats. Evolution 55:692-702

@ Springer

44

Dostal P, Weiser M, Koubek T (2012) Native jewelweed, but not
other native species, displays post-invasion trait diver-
gence. Oikos 121:1849-1859

Dudley SA, Schmitt J (1995) Genetic differentiation in mor-
phological responses to simulated foliage shade between
populations of Impatiens capensis from open and wood-
land sites. Funct Ecol 9:655-666

Ehrenberger F, Gorbach S (1973) Methoden der organischen
Elementar- und Spurenanalyse. Verlag Chemie, Weinheim

Ellenberg H, Weber HE, Diill R, Wirth V, Werner W, Paulissen
D (1992) Zeigerwerte von Pflanzen in Mitteleuropa. Scr
Geobot 18:1-258

Faliiski JB (1998) Invasive alien plants, vegetation dynamics
and neophytism. Phytocoenosis 10 (N.S.). Suppl Cartogr
Geobot 9:163—188

Foxcroft LC, Rouget M, Richardson DM (2007) Risk assess-
ment of riparian plant invasions into protected areas.
Conserv Biol 21:412-421

Foxcroft LC, Jarosik V, Pysek P, Richardson DM, Rouget M
(2011) Protected-area boundaries as filters of plant inva-
sions. Conserv Biol 25:400-405

Franks PJ, Farquhar GD (1999) A relationship between
humidity response, growth form and photosynthetic oper-
ating point in C-3 plants. Plant Cell Environ 22:1337-1349

Frazer GW, Canham CD, Lertzman KP (1999) Gap Light Ana-
lyzer (GLA): users manual and program documentation.
Simon Frazer University, Burnaby, British Columbia, and
the Institute of Ecosystem Studies, Millbrook, New York

Gaertner M, Richardson DM, Privett SDJ (2011) Effects of alien
plants on ecosystem structure and functioning and impli-
cations for restoration: insights from three degraded sites in
South African Fynbos. Environ Manag 48:57-69

Godefroid S, Dana ED (2007) Can Ellenberg’s indicator values
for Mediterranean plants be used outside their region of
definition? J Biogeogr 34:62-68

Godefroid S, Koedam N (2010) Comparative ecology and
coexistence of introduced and native congeneric forest
herbs: Impatiens parvifliora and Impatiens noli-tangere.
Plant Ecol Evol 143:119-127

Green EK, Galatowitsch SM (2002) Effects of Phalaris arun-
dinacea and nitrate-N addition on the establishment of
wetland plant communities. J Appl Ecol 39:134-144

Grotkopp E, Rejmanek M (2007) High seedling relative growth
rate and specific leaf area are traits of invasive species:
phylogenetically independent contrasts of woody angio-
sperms. Am Nat 94:526-532

Guevara-Escobar A, Tellez J, Gondalez-Sosa E (2005) Use of
digital photography for analysis of canopy closure. Agrofor
Syst 65:175-185

Hatcher PE (2003) Impatiens noli-tangere L. J Ecol 91:147-167

Hejda M (2012) What Is the impact of Impatiens parviflora on
diversity and composition of herbal layer communities of
temperate forests? PLoS One 7(6):€39571. doi:10.1371/
journal.pone.0039571

Hejda M, Pysek P (2006) What is the impact of Impatiens
glandulifera on species diversity of invaded riparian veg-
etation? Biol Conserv 132:143-152

Hejda M, Pysek P, Jarosik V (2009a) Impact of invasive plants
on the species richness, diversity and composition of
invaded communities. J Ecol 97:393—-403



Habitat requirements

189

Hejda M, Pysek P, Pergl J, Sadlo J, Chytry M, Jarosik V (2009b)
Invasion success of alien plants: do habitats affinities in the
native distribution range matter? Glob Ecol Biogeogr
18:372-382

Heschel MS, Donohue K, Hausman N, Schmitt J (2002) Popu-
lation differentiation and natural election for water-use
efficiency in Impatiens capensis (Balsaminaceae). Int J
Plant Sci 163:907-912

Holdredge C, Bertness MD, Von Wettberg E, Silliman BR
(2010) Nutrient enrichment enhances hidden differences in
phenotype to drive a cryptic plant invasion. Oikos
119:1776-1784

Hulme PE, Bremner ET (2005) Assessing the impact of Impa-
tiens glandulifera on riparian habitats: partitioning diver-
sity components following species removal. J Appl Ecol
43:43-50

Huston MA, Deangelis DL (1994) Competition and coexis-
tence—the effect of resource transport and supply rates.
Am Nat 144:954-977

Kaifer J, Witte JPM (2004) Cover-weighted averaging of indi-
cator values in vegetation analyses. J Veg Sci 15:647-652

Kubiét K, Hrouda L, Chrtek J Jr, Kaplan Z, Kirschner J, Stépanek
J (eds) (2002) Key to the flora of the Czech Republic.
Academia, Praha (in Czech)

Lambdon PW, Pysek P, Basnou C, Hejda M, Arianoutsou M,
Essl F, Jarosik V, Pergl J, Winter M, Anastasiu P, Andri-
opoulos P, Bazos I, Brundu G, Celesti-Grapow L, Chassot
P, Delipetrou P, Josefsson M, Kark S, Klotz S, Kokkoris Y,
Kiihn I, Marchante H, Perglova I, Pino J, Vila M, Zikos A,
Roy D, Hulme PE (2008) Alien flora of Europe: species
diversity, temporal trends, geographical patterns and
research needs. Preslia 80:101-149

Lhotskda M, Kopecky K (1966) Zur Verbreitungsbiologie und
Phytozonologie von Impatiens glandulifera Royle an den
Flussystemen der Svitava, Svratka und oberen Odra.
Preslia 38:376-385

MacDougall AS, Gilbert B, Levine JM (2009) Plant invasions
and the niche. J Ecol 97:609-615

Mack RN, Simberloff D, Lonsdale WM, Evans H, Clout M,
Bazzaz FA (2000) Biotic invasions: causes, epidemiology,
global consequences, and control. Ecol Appl 10:689-710

Maherali H, Klironomos JN (2007) Influence of phylogeny on
fungal community assembly and ecosystem functioning.
Science 316:1746-1748

Malikova L, Prach K (2010) Spread of alien Impatiens glan-
dulifera along rivers invaded at different times. Ecohydrol
Hydrobiol 10:81-85

Maule HG, Andrews M, Watson C, Cherrill A (2000) Distri-
bution, biomass and effect on native species of Impatiens
glandulifera in a deciduous woodland in northeast Eng-
land. Aspects Appl Biol 58:31-38

Molina-Montenegro MA, Penuelas J, Munne-Bosch S (2012)
Higher plasticity in ecophysiological traits enhances the
performance and invasion success of Taraxacum officinale
(dandelion) in alpine environments. Biol Invasions
14:21-33

Moravcova L, PySek P, Jarosik V. Havli¢kova V, Zdkravsky P
(2010) Reproductive characteristics of neophytes in the
Czech Republic: traits of invasive and non-invasive spe-
cies. Preslia 82:365-390

Morgan DC, Smith H (1979) A systematic relationship between
phytochrome-controlled development and species habitat,
for plants grown in simulated natural radiation. Planta
145:253-258

Morris EC, Myerscough PJ (1991) Self-thinning and competi-
tion intensity over a gradient of nutrient availability. J Ecol
79:903-923

Nagelkerke NJD (1991) A note on a general definition of the
coefficient of determination. Biometrika 78:691-692

Nobis M (2005) SideLook 1.1: imaging software for the analysis
of vegetation structure with true-colour photographs.
http://www.appleco.ch. Accessed 30 Jan 2013

Obidzinski T, Symonides E (2000) The influence of the
groundlayer structure on the invasion of small balsam
(Impatiens parviflora DC.) to natural and degraded forests.
Acta Soc Pol Bot 69:311-318

Perglova I, Pergl J, Skdlovd H, Moravcova L, Jarosik V, PySek P
(2009) Differences in germination and seedling establish-
ment of alien and native Impatiens species. Preslia
81:357-375

Pigliucci M (2005) Evolution of phenotypic plasticity: where
are we going now? Trends Ecol Evol 20:481-486

Pysek P, Prach K (1995) Invasion dynamics of Impatiens
glandulifera—a century of spreading reconstructed. Biol
Conserv 74:41-48

Pysek P, Richardson DM (2007) Traits associated with inva-
siveness in alien plants: where do we stand? In: Nentwig W
(ed) Biological invasions. Springer, Berlin, pp 97-125

Pysek P, Richardson DM (2010) Invasive species, environ-
mental change and management, and health. Ann Rev
Environ Res 35:25-55

Pysek P, Bacher S, Chytry M, Jarosik V, Wild J, Celesti-Grapow
L, Gass6 N, Kenis M, Lambdon PW, Nentwig W, Pergl J,
Roques A, Sadlo J, Solarz W, Vila M, Hulme PE (2010)
Contrasting patterns in the invasions of European terres-
trial and freshwater habitats by alien plants, insects and
vertebrates. Glob Ecol Biogeogr 19:317-331

Pysek P, Chytry M, Pergl J, Sadlo J, Wild J (2012a) Plant
invasions in the Czech Republic: current state, introduction
dynamics, invasive species and invaded habitats. Preslia
84:575-629

Pysek P, Danihelka J, Sadlo J, Chrtek J Jr, Chytry M, Jarosik V,
Kaplan Z, Krahulec F, Moravcova L, Pergl J, gtajerové K,
Tichy L (2012b) Catalogue of alien plants of the Czech
Republic (2nd edition): checklist update, taxonomic
diversity and invasion patterns. Preslia 84:155-255

Rejmének M (1996) A theory of seed plant invasiveness: the
first sketch. Biol Conserv 78:171-181

Richards CL, Bossdorf O, Muth NZ, Gurevitch J, Pigliucci M
(2006) Jack of all trades, master of some? On the role of
phenotypic plasticity in plant invasions. Ecol Lett
9:981-993

Richardson DM, Holmes PM, Esler KJ. Galatowitsch SM,
Stromberg JC, Kirkman SP, Pysek P, Hobbs RJ (2007)
Riparian vegetation: degradation, alien plant invasions,
and restoration prospects. Divers Distrib 13:126-139

Richardson PJ, MacDougall AS, Stanley AG, Kaye TN, Dun-
widdie PW (2012) Inversion of plant dominance—diversity
relationships along a latitudinal stress gradient. Ecology
93:1431-1438

@ Springer

45



190

J. Cuda et al.

Roy J (1990) In search of the characteristics of plant invaders.
In: di Castri F et al (eds) Biological invasions in Europe and
the Mediterranean Basin. Kluwer Academic Publishers,
Dordrecht, pp 333-352

Sadlo J, Chytry M, Pysek P (2007) Regional species pools of
vascular plants in habitats of the Czech Republic. Preslia
79:303-321

Shea K, Chesson P (2002) Community ecology theory as a
framework for biological invasions. Trends Ecol Evol
17:170-176

Shmida A, Ellner S (1984) Coexistence of plant species with
similar niches. Vegetatio 58:29-55

Skalova H, Pysek P (2009) Germination and establishment of
invasive and native Impatiens species in species-specific
microsites. Neobiota 8:101-109

Skalovda H, Moravcova L, Pysek P (2011) Germination
dynamics and seedling frost resistance of invasive and
native Impatiens species reflect local climatic conditions.
Perspect Plant Ecol 13:173-180

Skélova H, Havlickova V, Pysek P (2012) Seedling traits,
plasticity and local differentiation as strategies of invasive
species of Impatiens in central Europe. Ann Bot
110:1429-1438

Skalovd H, Jaro$ik V, Dvorackova S, PysSek P (2013) Effect of
intra- and interspecific competition on the performance of
native and invasive species of Impatiens under varying
levels of shade and moisture. PLoS One 8(5):e62842. doi:
10.1371/journal.pone.0062842

Slavik B (1996) The genus Impatiens in the Czech Republic.
Preslia 67:193-211 (in Czech)

Smart SM, Scott WA (2004) Bias in Ellenberg indicator val-
ues—problems with detection of the effect of vegetation
type. J Veg Sci 15:843-846

Suding KN, LeJeune KD, Seastedt TR (2004) Competitive
impacts and response of an invasive weed: dependencies
on nitrogen and phosphorus availability. Oecologia
141:526-535

ter Braak CJF, Smilauer P (2002) CANOCO reference manual
and CanoDraw for windows user’s guide: software for
canonical community ordination (version 4.5). Micro-
computer Power, New York

Thompson K, Hodgson JG, Grime JP, Rorison IH, Band SR,
Spencer RE (1993) Ellenberg numbers revisited. Phyto-
coenologia 23:277-289

Tichy J (1997) Changes in forest vegetation on Ondiejnik per-
manent plot after thirty years. Lesnictvi 43:363-373 (in
Czech)

Tichy L (2002) JUICE, software for vegetation classification.
J Veg Sci 13:451-453

@ Springer

46

Tichy L, Hajek M, Zeleny D (2010) Imputation of environ-
mental variables for vegetation plots based on composi-
tional similarity. J Veg Sci 21:88-95

Tilman D (1982) Resource competition and community struc-
ture. Princeton University Press, Princeton

Tolasz R (ed) (2007) Atlas of climate of the Czech Republic.
Cesky hydrometeorologicky istav, Praha (in Czech)

van Kleunen M, Weber E, Fischer M (2010) A meta-analysis of
trait differences between invasive and non-invasive plant
species. Ecol Lett 13:235-245

Vervoort A, Jacquemart AL (2012) Habitat overlap of the
invasive Impatiens parviflora DC with its native congener
I noli-tangere L. Phytocoenologia 42:249-257

Vervoort A, Cawoy V, Jacquemart AL (2011) Comparative
reproductive biology in co-occurring invasive and native
Impatiens species. Int J Plant Sci 172:366

Vila M, Basnou C, Pysek P, Josefsson M, Genovesi P, Gollasch
S, Nentwig W, Olenin S, Roques A, Roy D, Hulme PE,
DAISIE Partners (2010) How well do we understand the
impacts of alien species on ecosystem services? A pan-
European, cross-taxa assessment. Front Ecol Environ
8:135-144

Vila M, Espinar JL, Hejda M, Hulme PE, Jarosik V, Maron JL,
Pergl J, Schaffner U, Sun Y, Pysek P (2011) Ecological
impacts of invasive alien plants: a meta-analysis of their
effects on species, communities and ecosystems. Ecol Lett
14:702-708

Vinton MA, Goergen EM (2006) Plant-soil feedbacks contrib-
ute to the persistence of Bromus inermis in tallgrass prairie.
Ecosystems 9:967-976

Vitousek PM, Walker LR (1989) Biological invasion by Myrica
faya in Hawai: plant demography, nitrogen fixation, eco-
system effects. Ecol Monogr 59:247-265

VivianSmith G (1997) Microtopographic heterogeneity and
floristic diversity in experimental wetland communities.
J Ecol 85:71-82

Vrchotova N, Serd B, Krejéova J (2011) Allelopathic activity of
extracts from Impatiens species. Plant Soil Environ
57:57-60

Williamson M, Pysek P, Jarosik V, Prach K (2005) On the rates
and patterns of spread of alien plants in the Czech
Republic, Britain and Ireland. Ecoscience 12:424-433

Witkowski ETF (1991) Growth and competition between
seedlings of Protea repens (L) L and the alien invasive,
Acacia saligna (Labill) Wendl in relation to nutrient
availability. Funct Ecol 5:101-110

Yoda K, Kira T, Ogawa H, Hozumi K (1963) Self-thinning in
overcrowded pure stands under cultivated and natural
conditions. J Biol Osaka City Univ 14:106-129



4 Competition among native and invasive Impatiens species

(Study 3)

47



48



i; AOB PLANTS = oo
==
Research Article

Competition among native and invasive Impatiens
species: the roles of environmental factors, population
density and life stage

Jan Cuda®?*, Hana Skdlova?, Zdenék Janovskyl3 and Petr PySek!2

1 Department of Invasion Ecology, Institute of Botany, The Czech Academy of Sciences, Prihonice CZ-252 43, Czech Republic
2 Department of Ecology, Faculty of Science, Charles University in Prague, Viniéna 7, Prague CZ-128 44, Czech Republic

3 Department of Botany, Faculty of Science, Charles University in Prague, Bendtskad 2, Prague CZ-128 01, Czech Republic
Received: 7 August 2014; Accepted: 26 March 2015; Published: 1 April 2015

Associate Editor: Jeffrey S. Dukes

Citation: Cuda J, Skalova H, Janovsky Z, Pysek P. 2015. Competition among native and invasive Impatiens species: the roles of
environmental factors, population density and life stage. AoB PLANTS 7: plv033; doi:10.1093/aobpla/plv033

Abstract. Many invasive species are considered competitively superior to native species, with the strongest com-
petition expected in species with similar niches and/or in closely related species. However, competition outcome is
strongly context-dependent as competitive strength varies along environmental gradients, and life stages, and also
depends on abundances. To explore the importance of these factors, we examined competition effects in an experi-
ment with three Impatiens species (Balsaminaceae) widespread in central Europe and sharing similar life-history char-
acteristics and habitats: the native I. noli-tangere, and two invasive species, I. parviflora and I. glandulifera. We
compared their competitive strength and reciprocal impacts under two levels of water and light availability, two overall
planting densities and three competitor densities. We assessed species performance (ability to complete the life-cycle,
biomass and fecundity) and temporal competition dynamics in a garden pot experiment. Environmental variables had
lower explanatory power than overall planting and competitor density, which indicates the importance of competitive
interactions when evaluating plant performance and potential invasion success. Despite poor and delayed germin-
ation, the invasive I. glandulifera attained dominance even at a high competitor density and was competitively super-
ior across all treatments, exceeding the height of both congeners. Impatiens parviflora was competitively weakest,
having a negligible impact on both native I. noli-tangere and invasive I. glandulifera. The intermediate competitive
strength of the native I. noli-tangere probably results from its intermediate height, and good germination rate and
timing. The difference in height among species increased during the experiment when I. glandulifera was involved;
this species continues growing until autumn, enhancing its competitive superiority. The results provide a mechanistic
understanding for the competitive exclusion of native I. noli-tangere that occurs in stands with I. glandulifera, but the
limited impact of 1. parviflora on I. noli-tangere in their mixed stands.

Keywords: Alien species; balsam; competition; congeners; plant density; shading levels; water availability.
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Introduction

Non-native species have to overcome numerous barriers to
naturalize and become invasive in the introduced range
(Richardson et al. 2000; Blackburn et al. 2011). While
immediately after introduction into a new range the spe-
cies need to cope with the local environment, especially
climatic conditions (Wiens and Graham 2005), later on
different mechanisms involving interactions, or their
absence, with resident biota come into play. It has been
suggested that some invading species can exploit
resources not used by plants in resident communities
(empty niche hypothesis; Elton 1958; Lambdon et al.
2008), which results in minimizing or even avoiding com-
petitive interactions with co-occurring species (MacArthur
1972; Crawley 1987; MacDougall et al. 2009). On the other
hand, the outcome of interactions with resident organ-
isms, especially competition (Levine et al. 2004), have
been repeatedly found to be important for successful inva-
sion of local communities (Sakai et al. 2001; Levine et al.
2004; Vila and Weiner 2004; Maherali and Klironomos
2007; Hierro et al. 2011). In particular case studies, com-
petitive advantage of invading species is often attributed
to traits such as high germination rate, good survival,
fast growth, early or late flowering, high fecundity and
tall stature (Baker 1965; PySek and Richardson 2007;
Kubesova et al. 2010; Moravcova et al. 2010; van Kleunen
et al. 2010; Pellock et al. 2013).

Nevertheless, alien invaders were not found to be
significantly competitively superior to native species in
an analysis of available case studies (Daehler 2003).
The outcome of competition depended on the environ-
mental context (Daehler 2003), e.g. on water availability
(Franzese and Ghermandi 2014), shading (Molina-
Montenegro et al. 2012) or nutrient supply (Powell and
Knight 2009). The competitive hierarchy of alien and
native species changes along environmental gradients
(Milberg et al. 1999; Shea and Chesson 2002; Pathikonda
etal. 2009), with competitive strength of invaders usually
decreasing towards more extreme conditions, such as,
for example, high altitudes (Daehler 2005; Alexander
et al. 2011; Py3ek et al. 2011). However, many invasive
species possess a high phenotypic plasticity which
makes them capable of adapting to a wide range of
environmental conditions (Funk 2008; Berg and Ellers
2010). This corresponds to invasive plants often being
generalists with a broad tolerance of ecological condi-
tions, but exploiting resources less effectively than
specialists (Richards et al. 2006).

The strength of competition between species depends
on the degree to which their niches overlap (Hutchinson
1957), with two species occupying the same niche unable
to co-exist over the long term (Hardin 1960). The strongest

competition is expected in closely related species (Darwin
1859; Elton 1946; Maherali and Klironomos 2007; Violle
et al. 2011). Nevertheless, some studies have found no
linkage between the relatedness of competing species
and the competition strength (Cahill et al. 2008) or
reported even an opposite pattern, with less intense com-
petition between closely related species (Diez et al. 2008;
Mayfield and Levine 2010). Strong competition was sug-
gested as the reason why invasive species from families
with numerous members in native floras are under-
represented in floras of target regions (Rejmdnek 1996;
Daehler 2001).

Despite some studies testing for the competitive super-
jority of invasive plants over native plants under a range
of environmental conditions (Powell and Knight 2009;
Molina-Montenegro et al. 2012; Franzese and Ghermandi
2014), the competitive relationships between these two
groups of species have rarely been tested along the gra-
dient of competitor densities (but see Leger and Espeland
2010). Moreover, studies focusing on a reciprocal impact
of native species on invasive species are still the exception
rather than the rule (Leger and Espeland 2010; Carvallo
et al. 2013).

The rationale of our study stems from the well-
established notion that high-density results in severe
competition for resources (Antonovics and Levin 1980;
Silvertown and Charlesworth 2009). Invasive species
often gain an advantage over their native competitors
under high resource supply, but stressful conditions can
reverse the hierarchy, leading to a competitive advantage
of natives (Daehler 2003). Density-dependent effects may
differ across life stages, with the strongest effect found in
the emergence stage (Goldberg et al. 2001). For intraspe-
cific competition, high plant density usually decreases
biomass and the number of individuals (Antonovics and
Levin 1980). On the other hand, density effects have rarely
been found to be significant in interspecific competition
(Connolly et al. 1990, but see Antonovics and Fowler
1985).

To obtain a deeper insight into competitive interactions
between native and invasive species under manipulated
environmental conditions, varying plant densities and dif-
ferent life stages, we used three annual Impatiens species
occurring in Central Europe: native 1. noli-tangere and
invasive I. glandulifera and I. parviflora. Using congeners
minimizes phylogenetic biases (Burns 2004; Grotkopp and
Rejmanek 2007; van Kleunen et al. 2010) as well as those
associated with other traits such as life history or disper-
sal mode. Due to the overlap of the species’ niches, which
brings them into direct contact in the field (Cuda et al.
2014), we expected strong interspecific competition to
occur (Matesanz et al. 2011). It is of interest to under-
stand the ecological interactions among the Impatiens
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species because highly invasive I. glandulifera, which has
historically colonized river banks, is currently spreading
into novel habits such as clearings and roadsides distant
from the river courses (Hejda and Pysek 2006; Cuda et al.
2014). Since environmental conditions and dispersal vec-
tors in these novel habitats differ from those acting in
river corridors, the competitive interactions among this
invader and co-occurring species might be changing. It
is thus necessary to establish the competitive hierarchies
of the three species across a range of seed availability and
environmental conditions. A previous study (Cuda et al.
2014) revealed that shade, and moisture drive Impatiens
distributions in the field. As such, we assessed these fac-
tors in a common garden experiment designed to capture
the reciprocal effects of competition between species.
Specifically, we answer the following questions. (i) What
is the effect of density-dependent congeneric competi-
tion and environmental conditions on the ability of plants
to complete their life-cycle? (ii) How do these factors
affect plant biomass and fecundity? (iii) How does the
effect of competition change over time with respect to
the life stages?

Methods

Studied species

All three studied Impatiens (Balsaminaceae) species are
annuals with similar biological characteristics (Coombe
1956; Beerling and Perrins 1993; Hatcher 2003) and habi-
tat preferences (Slavik 1997), but with different origin and
invasion status in the Czech Republic (Py3ek et al. 2012a).
They partly differ in germination rates and stratification
demands (Perglova et al. 2009), but in the field the major-
ity of seedlings emerge within one month (April) (J. Cuda,
pers. obs). The presence of all three species is dependent
on disturbances and they therefore often occur in early
successional herbaceous communities. At the same
locality, the spatial pattern of the occurrence of individual
Impatiens species is driven by canopy closure and water
availability (Cuda et al. 2014).

Impatiens noli-tangere L., a native species, grows in
damp forests, at clearings, along watercourses and
around springs (Slavik 1997). It is recorded from 39 habi-
tat types in the Czech Republic (Sadlo et al. 2007). Its
height varies depending on local conditions from 20 to
120 cm (Hatcher 2003). The plants flower from July to
August and set seed from mid-July to end of August. It
is reported that it may be suppressed by competition
from invasive I. parviflora, with which it often co-occurs
(Tichy 1997; Falinski 1998; Chmura and Sierka 2007) as
well as by competition from I. glandulifera (Vervoort
et al. 2011; Cuda et al. 2014).

Impatiens parviflora DC., an invasive species, is charac-
terized by a height similar to that of I. noli-tangere
(Coombe 1956) and a broad ecological amplitude, being
recorded from 45 habitat types in the Czech Republic
(Sadlo et al. 2007; PySek et al. 2012b). It often grows as
a dominant in nitrophilous herbaceous vegetation at
shady mesic sites, in alluvial forests, oak-hornbeam for-
ests, ravine forests and spruce or Robinia pseudoacacia
plantations (PySek et al. 2012b). The plants flower from
mid-June to October, setting seed from late June until
the first autumn frosts.

Impatiens glandulifera Royle, a highly invasive species,
occurs predominantly along rivers, but has been recently
colonizing forest clearings and margins, wet ditches, for-
est roads and ruderal sites. It is recorded from 16 habitat
types (Sddlo et al. 2007; Py3ek et al. 2012b; Pahl et al.
2013) but the number is expected to increase due to
the ongoing spread. The plants flower from late July
until the first frosts, setting seeds from late August. Due
to high seed production (Moravcova et al. 2010) and tall
stature up to 3 m (Adamowski 2008), it is highly competi-
tive and able to replace the native flora in invaded sites.

Seed collection

Seeds were collected from large established populations,
extending over 2500 m? in July and August 2011. Seeds
of I. glandulifera were collected in Bohuslavice nad Metuji
(50°18'4.315”N, 16°5'22.730"E) along a riverbank and a
meadow margin partly shaded by trees; I. parviflora
and I. noli-tangere in Velky Osek (50°6'42.770"N,
15°10'10.635”E) in a flooded forest and forest gaps. Due
to the low seed production, seeds of I. noli-tangere were
collected also in Peklo by Nové Mésto nad Metuji
(50°21'28.501”N, 16°9'48.858"E) in a flooded forest and
clearings and mixed together with those from Velky
Osek. Altogether at least 15000 seeds from at least
1000 individuals of each species were taken. After the col-
lection, seeds of I. noli-tangere were kept in refrigerator at
3 °C on heat-sterilized wet river sand in the Petri-dishes
as dry storage decreases the seed germination consider-
ably (Perglovd et al. 2009). Seeds of I. parviflora and
I. glandulifera were stored in paper bags at room
temperature.

Experimental design

The experiment was carried out in the experimental gar-
den of the Institute of Botany ASCR in Prdhonice
(49°59'38.972"N, 14°33'57.637"E), 320 m above sea
level, temperate climate zone, where the mean annual
temperature is 8.6 °C and the mean annual precipitation
is 610 mm. The seeds of the three Impatiens species were
sown, separately or in pairs, into 20 x 20 x 23 cm?® pots
with ~5L of heat-sterilized common garden soil in
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early November 2011. Sowing seeds in the autumn
ensured cold stratification, required for breaking the dor-
mancy of the seeds (Perglova et al. 2009). Seeds were
homogeneously dispersed on the soil surface and cov-
ered with a thin layer (0.5 cm) of soil. Seeds were sown
to achieve two different total densities of seedlings that
correspond to the range of densities typically observed
in the field (J. Cuda, unpubl. data): high density (60 seed-
lings per pot) and low density (12 seedlings per pot).
Within each density level, we sowed seeds to create
three ratios of target plants to competitor plants, such
that target plants experienced high (1:5), medium
(1:1)and low (5: 1) levels of competition from their conge-
ners. Including also no-competitor (monospecific) controls
resulted in 24 species-density-competition combinations
(see Table 1).

In order to test the influence of environmental factors
on species performance and competitive interactions,
plants were grown under two water and shading levels
in a full factorial design, hereafter referred to as moderate
shade/low water; deep shade/low water; moderate
shade/high water and deep shade/high water treat-
ments. Due to logistic reasons plants exposed to the
same treatment were grown together in the same experi-
mental bed. The experimental design therefore consisted
of a total of four experimental beds. Plants under high
water treatment were watered twice a day in the morning
and evening with tap water. The low water treatments
were watered only when plant wilting was noticed. The
aim was to induce water stress in the low water treat-
ment and to provide full water supply in the high water
treatment. The average soil moisture was 21.2 % in the
low water treatments and 29.6 % in the high water treat-
ments. The moisture was measured only once in every
fifth pot (to obtain information about the difference
between the treatments, not for the purpose of an

analysis) on 20 June 2012, one day after the last rain
and ~6 h after watering the plants in the morning. Shad-
ing levels were achieved by using a green garden shading
net transmitting 10 and 65 % of incident radiation,
without any significant change in light spectrum, for
deep and moderate shade, respectively.

In total, the experiment consisted of 960 pots (4 envir-
onmental treatments x 24 species-density-competition
combinations x 10 replicates). In all four beds, pots con-
taining I. glandulifera plants (both no-competitor controls
and pairs) were placed in separate sections, separated by
1 m from pots without it, to avoid unwanted shading by
tall I. glandulifera. Pots were randomized within the
sections and separated by 20 cm.

Unfortunately, very low emergence of I. glandulifera
seedlings was recorded in the deep shade/high water
bed. This was probably due to an anomalous warm
episode in January when some of the seeds of
I. glandulifera germinated and were killed afterwards by
frost. The frost affected only this one bed probably
because it was located lower on the slope than the others
and could be exposed to cooler air accumulating in the
lower part of the garden. Thus, we excluded the bed
from all analyses.

The first sampling was carried out on 3-4 April 2012,
after the seedlings emerged in the majority of pots, and
the number of plants was recorded. Later samplings were
done in 3-week intervals: April 26-27, May 14-16,
June 4-5, and the number of plants and their mean
height (taken as the height of the layer with the max-
imum density of leaves) were recorded. Plants were
harvested in July, when they reached maximum size
and the first symptoms of senescence appeared in
I. noli-tangere and I. parviflora: after recording the same
characteristics as on previous samplings, the plants were
clipped at soil level and sorted by species. As capsules are

Table 1. Seed doses of target species and competitor under different levels of total plant and competitor density. *The number of seeds was
increased in species where we expected poor germination (Perglovd et al. 2009) to achieve comparable numbers of emerged seedlings. In
I. noli-tangere the number of seeds was enhanced from two to four and from six to eight, and in L. parviflora from two to three and from six

to seven.

Total density Competitor density Number of seeds of target species Number of seeds of competitor Final ratio (target: competitor)

High High 10
Medium 30
Low 50
No competitor 60

Low High 2*
Medium 6*
Low 10
No competitor 12
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released after seed maturation and only peduncles
remain attached to the stem, we used peduncles as a
proxy of the reproductive output. The peduncles were
clipped from the plants, and counted. For technical rea-
sons (extreme time demand), peduncles were analysed
only in 60 % of the sections in each of moderate shade/
low water and deep shade/low water treatments. The
complete biomass, i.e. that of vegetative parts and ped-
uncles, was dried at 70 °C for 24 h and weighed.

Datasets and statistical analyses

We arranged the data collected during the experiment
into three datasets (Table 2).The first one, hereafter
‘vegetative dataset’, was used to analyse the effects of
experimental conditions on ‘life-cycle completion’ (num-
ber of individuals per species in the pot at the time of har-
vest divided by the number of sown seeds) and on the
average biomass of the individual (further referred to as
‘biomass’). Because almost all surviving individuals were
fruiting at the time of the harvest, we took the number of
surviving individuals as equal to the ability to complete
the life-cycle. The second one, hereafter ‘reproductive da-
taset’, focused on the effects of experimental conditions
on the average number of capsules produced by an indi-
vidual (further referred to as ‘fecundity’). The third one,
hereafter ‘temporal dataset’ was used to explore changes
in plant height under competition for light among the
Impatiens species over the duration of the experiment.
The response variable was the height ratio of the target
species (t) to the competitor (c) and target species and
calculated as t/(c + t). Unlike the simple ratio target
species/competitor species known to have the Cauchy
distribution, this response variable comes from a 8 distri-
bution, which can be approximated by normal distribu-
tion (and thus linear regression can be used; Sokal and
Rohlf 1987). All Impatiens species were tested separately
in all analyses.

All three datasets were analysed by means of linear
regressions. The competitor density was expressed as
the number of emerged competing individuals in the
pot and used as a continuous variable in the analyses.
The effects of environmental treatment and competitor
identity were further tested by Tukey HSD post-hoc
comparisons. Some of our response variables were ratios
(life-cycle completion and temporal variation), where the
underlying statistical distribution generating the data is
binomial or B, respectively, however, the observed values
lay within the range of 0.2-0.8, where linear approxima-
tion of functional relationships and assumption of normal
distribution of errors is relatively reasonable (Crawley
2007). The assumptions of linear regression were checked
by plotting the diagnostic graphs (Crawley 2007). All
response variables with the exception of the life-cycle
completion and temporal variation analyses had to be
log-transformed in order to meet the assumption of
homogeneity of variance. The estimates of life-cycle
completion differed in their precision among the pots,
since they were based on different numbers of seed
sown or capsules produced (respectively). This was
reflected in the analysis by setting these totals as weights
in the corresponding linear regressions. We included the
pot identity in the analysis of the temporal dataset in
order to account for hierarchical structure in data (i.e.
four repeated measurements from an individual pot, see
Table 2). Given the pseudoreplication of our environmental
treatments, responses to environmental conditions should
be interpreted with caution. All computations were under-
taken in the R 2.15.3 statistical environment (R Core devel-
opment team, available at www.r-project.org).

As some response variables (biomass and fecundity)
were calculated as the mean value per individual, they
were strongly influenced by total density according to
the law of constant final yield (Harper 1977). Because
individuals from the low-density treatment are bigger

Table 2. Overview of analyses within the study. Life-cycle completion = number of individuals per species in the pot at the time of harvest
divided by the number of sown seeds; biomass = mean weight of individual at the time of harvest; fecundity = mean number of capsules
per individual at the time of harvest; temporal variation = mean height of individuals of target species divided by mean height of individual
of competitor at the four time-sequential measurements. *Shade and water levels.

Analysis Response variables Explanatory variables Data
(1) Lifecycle  Number of individudls in the time of | Density, environmental treatment’,  Vegetative
completion harvest/number of seeds competitor identity, competitor density dataset
(2) Biomass Mean weight of individual Density, environmental treatment?, Vegetative
competitor identity, competitor density dataset
(3) Fecundity ~ Mean number of capsules per individual Density, shading treatment, competitor identity, Reproductive
competitor density dataset

(4) Temporal Target species height/(target

variation species + competitor height)

Pot (covariable), time, density, environmental treatment?, Temporal dataset
competitor identity, competitor density
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Table 3. The influence of three strongest factors from analysis of particular species (according to explanatory power) on Impatiens fitness. D.f.,
residual degrees of freedom; E.V. total, variability explained by the model. For effects direction and explained variability by the particular factor
[see Supporting Information—Tables S1-S4]. For the explanation of response variables see Table 2; factors are described in Methods.

Fecundity Temporal variation

Life-cycle completion Biomass
I noli-tangere
Factor 1 Environment Density
Factor 2 Density x environment Competitor identity
Factor 3 Environment x competitor identity ~Environment
D.f. 371 351
EV total (%) 35.5 54.7
I. parviflora
Factor 1 Environment Competitor density
Factor 2 Competitor identity Density
Factor 3 Environment x competitor density ~ Competitor identity
D.f. 346 341
EV total (%) 27.7 58.8
I. glandulifera
Factor 1 Environment x competitor identity  Density
Factor 2 Competitor identity Competitor identity
Factor 3 Density x competitor identity Environment
D.f. 284 277
EV total (%) 23.9 227

Density Time x competitor identity

Competitor identity ~Time x density

Shading Time x competitor density
139 862
55.0 58.7

Competitor identity ~Competitor identity

Density Time

Competitor density ~ Time x competitor density

139 772

50.2 49.4

- Time

- Time x competitor identity x environment
- Time x environment

115 689

14.9 70.7

and more fecund, we focused on the effects of competi-
tion density and environment (Figs 2A-C and 3A and B).
In the results (Table 3), we present only the influence of
the three strongest factors (explaining the majority of
variance) to each response variable [see Supporting
Information for details].

Results

Effect of competition and environment
on life-cycle completion

Life-cycle completion was affected more strongly by
environment than by competition (Table 3) [see Support-
ing Information—Table S1]. The highest proportion of
I. noli-tangere individuals completed their life-cycle
under high water and high total density (Fig. 1A). Impa-
tiens parviflora performed better in deep shade (Fig. 1B),
but poorly in competition with I. glandulifera, with the
negative effect of the latter species being significant in
all environments. The lowest number of I. glandulifera
individuals completed their life-cycle in competition with
I. parviflora, but only in moderate shade treatments
(Fig. 1C).

Effect of competition and environment

on biomass and fecundity

Unlike life-cycle completion, biomass and fecundity was
affected more strongly by competition than by environ-
ment (Table 3) [see Supporting Information—Tables S2
and S3]. Biomass per individual of all three species was
higher in low than high total density treatments [see Sup-
porting Information—Table S2]. Impatiens glandulifera
had considerably higher biomass than the other species
and was the strongest competitor, in terms of reducing
the other species’ biomass (Fig. 2A-C). Competition with
I. parviflora increased the biomass of I. noli-tangere in all
environments relative to the control (Fig. 2A). Impatiens
parviflora was the weakest competitor with its biomass
reduced by both competitors. This decrease was propor-
tional to the competitor density (Fig. 2B). The biomass of
I. glandulifera increased by competition with I. parviflora
and was reduced by competition from I. noli-tangere. In
the high water treatment, the biomass of 1. glandulifera
was low irrespective of competitors (Fig. 2C).

Fecundity, i.e. the number of capsules per individual, was
higher in I. noli-tangere and I. parviflora under lower dens-
ities [see Supporting Information—Table S3]. The fecundity
of I noli-tangere was higher in competition with L. parviflora
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Figure 1. (A-C) Effect of competition (competitor identity and competitor density), total plant density (low and high) and environmental condi-
tions (water and shading) on life-cycle completion rate (number of individuals per species in the pot at the time of harvest divided by the number of
sown seeds). Symbols show species mean value under interspecific competition or without it; error bars show the 95 % confidence intervals.
Species abbreviations: N = L. noli-tangere, P = L. parviflora, G = L. glandulifera. Each graph shows the pair of most important variables (according
to the explanatory power). Sixty seeds were sown into pots with high total plant density and 12 into pots with low total density (A).
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Figure 2. (A-C) Effect of competition (competitor identity and competitor density) and environmental conditions (water and shading) on bio-
mass. Symbols show species mean value under interspecific competition or without it; error bars show the 95 % confidence intervals. Species
abbreviations: N = I. noli-tangere, P = I. parviflora, G = I. glandulifera. Each graph shows the pair of most important variables (according to their
explanatory power). To visualize the effect of competitor density (B), we divided this continuous variable into two categories: low competitor
density = under mean competitor number and high competitor density = above mean competitor number.

and lower in that with I glandulifera than without competi-
tors in addition, I. noli-tangere plants were more fecund
under moderate than deep shade (Fig. 3A). Impatiens parvi-
flora was less fecund if the density of competitors was high;
both congeners had such negative effects (Fig. 3B). None of
the tested factors affected the fecundity of I. glandulifera
(Table 3) [see Supporting Information—Table S3].

Temporal variation in competition due to the
differences in species height

The height of the target plant, as well as the height ratio,
expressed as the mean height of the target plant divided
by mean height of the competitor + mean height of the
target plant, was strongly influenced by competition in
I. noli-tangere and I. parviflora during the experiment

(Table 3) [see Supporting Information—Table S&]. Impa-
tiens glandulifera overtopped both congeners from the
early stages of the experiment and this difference
became more pronounced with time. On the contrary,
competition from both congeners did not affect the height
of I. glandulifera. The plants of native L. noli-tangere com-
peting with I. parviflora were taller throughout the experi-
ment and the height ratio did not change markedly (Fig. 4).

Discussion
Performance as a function of competition, density
and environment

Our results indicate that environmental variables and
competition play a different role in the plant life-cycle
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Figure 3. (A, B) Effect of competition (competitor identity and competitor density) and environmental conditions (shading) on fecundity (num-
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completion and growth response of the three Impatiens
species. Overall, competition was a more important fac-
tor than environmental conditions for all variables except
for the life-cycle completion of plants over the growing
season, which points to the importance of competitive
interactions in evaluation of plant fitness and potential
invasion success. This suggests that for the studied Impa-
tiens species, the environment plays a role in early stages
of the invasion process while competition becomes more

important when it comes to the naturalization phase
(Blackburn et al. 2011) and could act as a mechanism pre-
venting the non-native species from colonizing the resi-
dent communities (Levine et al. 2004; Davies et al. 2010).

Life-cycle completion

Life-cycle completion was surprisingly little affected by
total plant density (with the only exception being a sup-
pression of I. parviflora at high densities), indicating
rather negligible self-thinning in our experimental popu-
lations. This contradicts reports from field studies, where
a strong thinning to adult plant densities of I. glandulifera
between 25 and 30 individuals/m? from a seed rain
of ~5000-6000 seeds/m? was observed (Perrins et al.
1990). The stronger thinning in the field can be attributed
to seed predation and impact of other enemies (Dostdl
2010), disturbances and large spatio-temporal heterogen-
eity in environmental factors, especially in soil moisture—
factors from which plants are protected in an experimental
garden. There is also a difference in the spatial pattern of
seedling emergence; as seed dispersal in the field is ran-
dom, seeds may emerge in dense patches, where it is im-
possible for the majority of plants to survive until maturity.

In contrast, environment had strong effect on life-cycle
completion. Impatiens glandulifera performed poorly in
moderate shade, if competing with the other invasive
congener, I. parviflora; this could result from intensified
light stress in the seedling stage due to a lack of shading
by the low-statured seedlings of I. parviflora. Such a con-
clusion is supported by the fact that in the field
1. glandulifera avoids full sunlight (Cuda et al. 2014). The
native species I. noli-tangere generally showed the best
performance of all three congeners in terms of the
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proportion of individuals that completed the life-cycle,
which indicates that it may be better adapted to local
conditions than the two alien species (Alexander et al.
2011). The number of individuals of 1. noli-tangere that
completed the life-cycle increased under high water sup-
ply (Cuda et al. 2014).

Biomass and fecundity

In contrast to life-cycle completion, biomass and fecund-
ity were strongly influenced by competition and slightly
by environment. As expected, density had a strong nega-
tive effect on the biomass and fecundity of all species,
which is in accordance with the law of constant
final yield (Harper 1977), except for the fecundity of
I. glandulifera. Although I. glandulifera was the poorest
among all the species studied in terms of the life-cycle
completion, the surviving plants were able to dominate
the pots regardless of the competitor presence and abun-
dance. The fecundity of I. glandulifera plants was not sig-
nificantly affected by the congeners, both native and
invasive, which also indicates this species’ competitive
superiority. The biomass of I. glandulifera decreased in
competition with the native L. noli-tangere, but its fecund-
ity remained unaffected despite a close correlation of the
number of capsules with biomass. This contradiction can
be interpreted as a sign of plasticity in allocation of assim-
ilates into the seed production (Berg and Ellers 2010). Due
to the limited occurrence of L. glandulifera in woodlands
(Beerling and Perrins 1993), reflecting a higher demand
for light than is available under dense canopies (Maule
et al. 2000; Cuda et al. 2014), we expected lower fecundity
of plants exposed to shade. However, the seed production
was similar in both shading treatments. The ability of
I. glandulifera to produce seeds until the very end of the
growing season contributes to its superiority over its con-
geners. The biomass of I. glandulifera was not negatively
influenced by low water supply (similar to Maule et al.
2000; Skdlova et al. 2013; Cuda et al. 2014), despite this
species being traditionally considered a water-demanding
plant (Beerling and Perrins 1993). On the other hand, the
biomass of I. glandulifera decreased in the high water
treatment, a phenomenon possibly associated with the
high water content in its stems. Water is important to
maintain turgor in the supporting structures. High water
content, ~96 %, is maintained by nitrate accumulation,
which is used as an osmoticum in stems and leaves
(Andrews et al. 2009). If water supply is insufficient, the
plants have to invest more into cellulose in the stem struc-
ture. This opinion is supported by the plants reaching simi-
lar height in the low and high water treatments. High
water content due to nitrate accumulation in place of
organic molecules in stems enables the species to achieve
substantial height at low irradiance (Andrews et al. 2009)

or for instance to invest the assimilates into increased
fecundity. The biomass and fecundity of I. parviflora were
reduced in competition with both congeners, more so if the
competition was intense; this shows that this is the
weakest competitor of the three species. The native
I. noli-tangere produced less biomass and fewer capsules
when grown alone than in competition with I. parviflora.
This means that I. noli-tangere suffers more from intraspe-
cific competition than from interspecific competition with
I. parviflora and, therefore, it has limited impact on
I. noli-tangere under most conditions except for strong
water limitation (Skdlova et al. 2012). This is contrary to
Tichy (1997) and Falinski (1998), who supposed that
I. parviflora could influence L. noli-tangere by competition,
but did not test this hypothesis experimentally. Biomass
and fecundity of I. noli-tangere decreased across all envir-
onmental treatments in competition with I. glandulifera
and increased with I parviflora compared with monospe-
cific control. This indicates an intermediate position of the
native species in the competitive hierarchy within the
members of the genus occurring in the studied region,
and its ability to resist the competition by the less invasive
alien congener. However, its ability to resist is context
specific. For example the presence and timing of distur-
bances is very important, because the species differ in
the time of setting seeds. In general, I. parviflora sup-
presses I. noli-tangere in very dry conditions (Skalovd
et al. 2012) and L. glandulifera outcompetes it wherever
I. noli-tangere is able to survive.

Temporal variation in competition due

to the difference in species height

Although I. glandulifera was not the tallest at the begin-
ning of the experiment, it overtopped both congeners
rather early and its superiority increased during the grow-
ing season. The ability of I. glandulifera to grow through
the whole vegetation period facilitates its competitive
dominance and also increases its propagule pressure,
because plants flower and fruit from July to the first
frost (Beerling and Perrins 1993). On the other hand, the
height ratio between I. parviflora and I. noli-tangere was
relatively consistent, with I. parviflora being shorter all the
time.

Conclusions

The results suggest that the effect of competitor density
on the performance of invasive Impatiens species
exceeds that of environmental factors. Competitive inter-
actions with co-occurring congeners may be thus a more
important predictor of the invasion success of an invasive
species and its population dynamics than its response to
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abiotic factors, and should be taken into account when
evaluating their invasion potential.

The high invasiveness of I. glandulifera seems to result
from its competitive dominance over the other congeners
across varying environmental conditions of light and mois-
ture. A main mechanism underlying this species’ success is
fast growth resulting in tall stature, which enables the
plants to exploit available light and ability to still growing
over the whole vegetation period. On the other hand,
success of I. parviflora is definitely not caused by its com-
petitive strength, but probably by its ability to avoid com-
petition by tolerance of extreme conditions. Competitive
exclusion of the native species I. noli-tangere is likely to
occur from the stands with co-occurring I. glandulifera,
but in mixed stands with the other invasive congener,
I. parviflora, the impact on the native species will probably
be limited.
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ABSTRACT

Aim Riparian habitats are amongst the most invaded ecosystems world-wide.
The great abundance of invasive species in river corridors is attributed to the
efficient transport of alien species’ propagules and reduced competition from
native plants due to regular flooding. Once an invasive species has become
established, river corridors can serve as stepping stones for spread into other
habitats. We have chosen the Himalayan balsam Impatiens glandulifera Royle,
highly invasive annual in riparian areas, as a model for spread of invasive spe-
cies from linear river corridors.

Location Central Europe.

Methods We mapped its distribution and recorded its abundance in over 1200
patches along four rivers in central Europe, differing in the time of balsam’s
introduction (1900—-1995). The patches were characterized in terms of the dis-
tance from the riverbank, height above the river surface, degree of soil distur-
bance and flooding regime.

Results The patches at sites subject to flooding had twice as many individuals
as those that were not subject to flooding, regardless of their distance from the
riverbank and height above the river surface. There was a strong effect of the
river identity, with river invaded 20 years ago being less infested than those
invaded earlier. The distance from the riverbank at which the populations
occurred differed and did not depend on river identity/residence time. The
patches in tributaries were on average two times further from the bank of the
main river than those located elsewhere.

Main conclusions Flooding is an important factor affecting the abundance of
I glandulifera, and accounts for its spread and dominance along river corridors
probably due to spreading the seeds, increasing nutrient availability and dis-
turbing native vegetation. It is likely that the number of I. glandulifera popula-
tions will increase in the future, especially along small water courses.

Keywords
disturbance, flood, Himalayan balsam, niche broadening, residence time,
riverbank.

INTRODUCTION

in river corridors is attributed to several mechanisms such as
connectivity of waterways and transport of propagules
(Johansson et al., 1996; Leuven et al, 2009; Saumel &

Riparian habitats are generally considered to be very suscep-
tible to plant invasion (Planty-Tabacchi et al, 1996, 2001;
Pysek et al., 2010) and are among the most invaded ecosys-
tems world-wide (Richardson et al, 2007; Hejda et al,
2015). The high number and abundance of invasive species

DOI: 10.1111/ddi. 12524
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Kowarik, 2013), increased human influence in the vicinity of
rivers favouring the spread of invasive plants (Stromberg
et al., 2007), reduced competition from native species due to
regular disturbances, which enables propagules of invasive
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plants to become established (Planty-Tabacchi et al., 1996;
Hufbauer et al., 2012) and an heterogeneous patchy environ-
ment providing a wide range of microhabitats (Planty-Tabac-
chi et al.,, 1996). In the riparian zone, floods are the main
agent influencing competitive hierarchy, but it is difficult to
predict the composition of the vegetation because floods typ-
ically vary in their extent and periodicity (Naiman &
Decamps, 1997). Furthermore, floods transport propagules
faster, more effectively and over longer distances than regular
water flow (Gurnell ef al., 2008) and even beyond the river
corridor. Importantly, rivers also transport heavy, non-buoy-
ant, propagules (Goodson et al., 2003).

Easily invasible river corridors can also serve as stepping
stones for invasion of adjacent habitats. It is reported that in
the initial phase of their invasion some species, such as Fal-
lopia  japonica, F. sachalinensis (Pysek & Prach, 1993),
Helianthus tuberosus (Rehotek, 1997), Phragmites australis
(Jodoin et al., 2008; Brisson et al., 2010), Acer negundo (Erf-
meier et al, 2010) and Impatiens glandulifera (Pysek &
Prach, 1993), occur in riparian localities and subsequently
spread into a range of adjacent non-riparian habitats. This
indicates that the predominant habitat of an invader may
change during invasion and this is especially the case for
easily invasible narrow linear habitats along which their
propagules are easily transported, such as waterways, road
margins and railway corridors (Thébaud & Debussche, 1991;
Ernst, 1998; Hansen & Clevenger, 2005; Brisson et al., 2010).
Such broadening of the ecological niche in the invaded range
is associated with a number of factors; an invading species’
characteristics and the permeability of the receiving habitat
(Parendes & Jones, 2000; Hansen & Clevenger, 2005), num-
ber of habitats occupied in their native range (Otte et al.,
2007), invading species’ residence time in the region
(Kowarik, 1995; Crooks, 2005), phenotypic plasticity (Geng
et al., 2007) and adaptations to local conditions (Sakai et al,
2001).

In this study, we focused on the factors determining the
abundance of the invasive annual Impatiens glandulifera
along four rivers in the Czech Republic, central Europe,
and its spread from the river corridors into surrounding
habitats. Its invasion of riparian habitats in the region stud-
ied was very fast, and it only took 100 years to colonize
the majority of the big rivers in the Czech Republic (Pysek
& Prach, 1995a, b; Rydlo, 1999). Its abundance along these
rivers has increased with residence time (Malikovd & Prach,
2010) and the largest populations are still confined to river
corridors, but there are many reports of it spreading into
adjacent habitats (Hejda, 2004; Malikovd & Prach, 2010;
Pahl et al., 2013; Kostrakiewicz-Gieralt & Zajac, 2014). This
is associated with this species’ tolerance of a wide range of
environmental conditions (Beerling & Perrins, 1993),
including relatively low soil moisture (Cuda et al, 2014)
and shading (Andrews et al, 2009; Skdlova et al, 2012,
2013), and is supported by it being highly competitive
(Bottollier-Curtet et al, 2013; Skalovéd et al, 2013; Grunt-
man et al., 2014).
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The ecological hypothesis behind the study is thus that the
ecology of the species has been changing in recent decades
and its spread from the river corridors is not random but
determined by the characteristics of the colonizing popula-
tions and landscape features such as habitat structure in the
areas adjacent to the rivers. In this study, we examine how
the distribution of this species along rivers and beyond is
associated with river identity (linked with the year of intro-
duction), constraints on dispersal (distance from river sur-
face, flooding regime), disturbance and the type of habitat
adjacent to river corridors. We address the following ques-
tions: (1) Which factors determine the abundance of I. glan-
dulifera, expressed in terms of the numbers of individuals in
a patch? (2) What determines the maximum distance of
I glandulifera from a riverbank? (3) Which of the habitats
adjacent to rivers are invaded?

METHODS

Species studied

Impatiens glandulifera Royle is an annual that grows up to
3 m high, native to the Himalayas and invasive in Europe,
Asia (Russian Far East and Japan), North America, Japan
and New Zealand (Adamowski, 2008). Due to its tall stature
and high seed production, it is highly competitive in a wide
range of light and moist conditions (Cuda et al., 2015). It
reduces the species diversity of the communities it invades
(Hulme & Bremner, 2006; but see Hejda & Pysek, 2006),
attracts pollinators away from other plants (Chittka &
Schiirkens, 2001; but see Bartomeus et al, 2010) and by
increasing the erosion of riverbanks promotes its persistence
(Greenwood & Kuhn, 2014). Nevertheless, all aspects of the
impact of I glandulifera are not fully understood yet and its
suggested competitive ability can be overestimated due to it
temporarily occurring in large quantities (Kasperek, 2004)
and conspicuousness in bloom. Impatiens glandulifera is
recorded from 16 types of habitats in the Czech Republic
(Sadlo et al., 2007), with the largest populations occurring
along rivers, but is also recorded in a range of other habitats,
such as forest clearings and margins, ruderal sites, wet
ditches, abandoned meadows, margins of arable fields, road
ditches and railway embankments (Pysek & Prach, 1995b),
away from rivers it occurs most often at human-disturbed
sites (Usher er al., 1986). In the Czech Republic the species
is missing only in drier areas with sparse river network
(Slavik, 1996). The species tolerates a wide range of sub-
strata, and it is able to grow on alluvia, mineral soil, peat
and even colliery spoil (Beerling & Perrins, 1993). Impatiens
glandulifera occurs mainly in early successional vegetation or
disturbed sites, as it requires bare soil for seedling establish-
ment (Sinker et al., 1985). It is very frost sensitive (Beerling,
1993; Kollmann & Banuelos, 2004; Skélova et al., 2011), but
as it rapidly completes its annual life cycle, it is able to sur-
vive at altitudes as high as 1010 m a.s.. in the Czech Repub-
lic (Anonymous, 2013) and 1180 m asl. in Austria
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(Drescher & Prots, 2003). More than half of unripe seeds are
capable to germinate and sustain high propagule pressure,
for example when early frosts occur (Janczak & Zielinski,
2012). Seedbank does not persist more than one season
according to Perglova et al. (2009), but Beerling & Perrins
(1993) report germinable seeds after 18 months. Balogh
(2008) suggests that seed buried by river sediments may
remain germinable for much longer time. Competitive ability
is enhanced especially by early and synchronous germination
promoted by massive cotyledons (Kurtto, 1992; Skdlova
et al., 2011), together with subsequent fast growth (Beerling
& Perrins, 1993). The species is further favoured by a wide
phenotypic plasticity (Kurtto, 1996; Skélova et al., 2012; but
see Elst et al, 2016) and by the lack of diseases, pests and
herbivores in the invaded range (Beerling & Perrins, 1993;
Schmitz, 1991; but see Tanner ef al., 2015). In the past, the
plant was propagated and distributed by gardeners and bee-
keepers, and migration among distantly located populations
has been inferred from reports about seed exchange (Kurtto,
1996) and using molecular techniques (Hagenblad et al.,
2015). The first occurrence outside cultivation in the Czech
Republic was recorded in 1896 near the town of Litomérice,
and in 1900, it was first found at a riparian site on the bank
of the river Svitava (PySek & Prach, 1995b). The plants
flower from late July until the first frost and set seed from
late August until November and the seed rain density is
~5000—6000 seeds m > (Beerling & Perrins, 1993); Koenis &
Glavaé (1979) found a maximum of 32,000 seeds m 2 in
Germany. Seeds are dispersed actively by explosive capsule
dehiscence up to 5 m (Beerling & Perrins, 1993) and pas-
sively by water flow (Lhotskd & Kopecky, 1966; Love et al.,
2013). The seeds are also dispersed with soil by logging
machinery or animals along forest roads and clearings, as
well as by ants and small rodents (Beerling & Perrins, 1993),
birds (Heintze, 1932) and maybe even fish (Boedeltje et al.,
2015). Whole plants or seedlings can be transported down-
stream during floods (Hejda & Pysek, 2006; Balogh, 2008),
as they are able to root at the nodes. The maximum rate of
spread was estimated to 38 km year ' in England, and the
ballistic spread is limited up to 2 m year_1 (Perrins et al.,
1993); according to Williamson et al. (2005), the average rate
of spread was 3.66 km year™' between 1934 and 1995 in the
Czech Republic.

Field methods

We mapped the occurrence of I. glandulifera along four rivers
and their tributaries in the Czech Republic, central Europe
(Table 1). The segments of the rivers (158 km in total)
selected had similar geomorphologies and land use in the sur-
rounding valley, but differed in the year of first recorded
occurrence of I. glandulifera, from which the beginning of the
invasion of these sites was inferred. The populations were
recorded at flowering by systematically walking along both
riverbanks and mapping plants growing there. In open plain
terrain, such as grasslands and arable fields across which seed
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is likely to be dispersed, but are unsuitable for the establish-
ment of new populations due to frequent disturbances, we
were able to distinguish the species safely at distances of sev-
eral hundred metres using binoculars. Every tributary flowing
into the river segments studied was searched for the presence
of L glandulifera up to 500 m from the confluence; only
tributaries where the species was present were searched. We
assume all occurrences in a tributary originated from the
populations located along the main river, as there are no
records in the literature of an earlier occurrence in the tribu-
taries along the rivers we sampled (PySek & Prach, 1995b).
These authors collected information on the majority of pub-
lished and unpublished localities and herbarium specimens of
the species in the Czech Republic. In the field, we distin-
guished two types of records based on the character of the
patches of I. glandulifera: (1) a point occurrence described by
the GPS coordinates in the centre of the patch used to record
isolated individuals or small groups of plants (up to 3 m in
diameter); (2) occurrence of approximately rectangular
patches, parallel to a river, specified by two points measured
farthest from the river, which describe the length (2-800 m)
of the rectangle; the width of the rectangle (1-100 m) was
estimated visually. To record large stands of irregular shape,
we used more than one rectangle; subsequently the patches
closer than 5 m to each other (limit to the distance of spread
of this species by seed) were merged and considered as a sin-
gle patch. In total, we mapped 1738 patches that were subse-
quently merged into 1210 patches of I. glandulifera.

The density of I glandulifera in patches was scored on a
three-grade scale: (1) scattered (at least one plant per every
10 m), (2) common (more than one plant per one square
metre; cover up to 50%), and (3) dominant (cover > 50%).
The location of plants was recorded using a GPS device
(Garmin GPSMAP 62 and Garmin eTrex Legend) with posi-
tioning accuracy of about 3 m in open terrain. We recorded
the type of habitat in which each patch of I. glandulifera was
recorded, using an ad hoc classification of 10 types of habi-
tats and their transitions: riverbank, roadside, dense wood-
land, sparse woodland, managed grassland, non-managed
grassland, arable field, forest clearing, ruderal site and railway
embankment; see legend of Table 2 for the descriptions of
the habitats.

Data preparation and statistical analyses

The coordinates of occurrences of I. glandulifera in the field
were processed in ArcGIS (ESRI, 2015). Point occurrences
were assigned the distance to the nearest riverbank, vertical
distance from river surface (Conrad et al, 2015), estimated
patch area (Network analyst, ESRI, 2015) and information
about flooding based on data from the DIBAVOD database
(DIBAVOD, 2016). We used five-year flooding data because
this is frequent enough to have an effect on the abundance
and distribution of I. glandulifera. A patch was considered to
be subject to flooding, when its centroid was inside a five-year
flood zone. For larger patches, rectangular shapes were
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Table 1 Characteristics of the four rivers studied. Information is from 1Pyéek & Prach (1995b), 2Rydlo (1999), *www.chmi.cz and

“Tolasz (2007).

River

Berounka

Jizera

Svitava

Year of first record of Impatiens
glandulifera?

Observed segment (Initial and
terminal point)

Length of the observed segment
(km)

Mean flow rate (m® s™!) (location)

Altitudinal range of mapped
segment

Mean annual temperature®

3

Mean annual precipitation*
Description of the mapped
segment

1995

Beroun (49.9668514N,
14.0751342E) — Praha

Lahovice (49.9948236N,

14.4002472E)

32

39.4 (Lahovice)
216-197 m as.l.

8.5

525-500 mm

Few small tributaries,
flow rather laminar,
few weirs, river
surrounded by a
wooded area with
equal percentages of
meadows, arable land
and urbanized areas.

1908

Zelezny Brod
(50.6416033N,
15.2546714E) —
Drazice
(50.3074172N,
14.8460869E)

70

12.6 (Sovenice)
270-195 m a.s.l.

7.5-8.5 °C (from
upper to lower
part)

850-575 mm

Upper part: many
small tributaries,
flow more turbulent,
surrounded by a
mosaic of forest and
meadows. Lower part
(from Turnov): flow
laminar, few smaller

tributaries, surrounded

by an increasing
percentage of arable
land and decrease in
forestation, and a
high number of
ruderal sites.

Cesky Krumlov
(48.8122000N,
14.3135367E) —
Ceské Budgjovice
(48.9727486N,
14.4694411E)

38

26.4 (Ceské Budéjovice)
489-385 m a.s.l.

7.5

625 mm

Many tributaries,
flow very turbulent,
valley first forested
and canyon-shaped,
then increasing
portion of meadows
and urbanized land.
This segment closest
to potential natural
conditions.

1900

Rdjec-Jestiebi
(49.4068964N,
16.6344569E) —

Adamov (49.2962761N,

16.6638542E)
18

5.2 (Bilovice n. S.)
279-235 m a.s.l.

7.5-8.5 °C

625 mm

Many tributaries,
flow rather laminar,
the segment includes
intensively cultivated
agricultural land,
urbanized areas and
a forested valley.

generated from the GPS data and assigned the same character-
istics as point occurrences based on polygon centroids. We
added the maximum distance of the patch from the river-
bank.

The data were then analysed using program R 3.2.0 (R
Development Core Team, 2016), starting with Generalized
Least Squares models (Liang & Zeger, 1986) from NLME pack-
age (Pinheiro et al., 2016). We checked the data for spatial
correlation using coordinates as covariates in the models, but
there was no apparent relationship in the models for the num-
ber of individuals or the distance from the riverbank. As no
spatial correlation was detected, we used an analysis of vari-
ance. The total number of individuals in each patch was calcu-
lated as a product of patch area and plant density estimated
for the following categories: scattered = 1 individual m™%
common = 11 individuals m™% dominant = 40 individu-
als m2 (Cuda ef al., 2014). The degree of soil disturbance in
patches was arbitrarily assigned to the invaded habitat using a
three-degree scale (1 = low, 2 = middle and 3 = high, see
Table 2 for details of habitat classification). Patches with
I glandulifera mostly occurred at the boundary of two or
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three types of habitats (Table S1 in Supporting Information);
thus, the degree of soil disturbance was averaged across habi-
tats if there was more than one habitat in the invaded patch.
We used two measures of the distance from the riverbank:
(1) the distance of the patch centroid to specify ‘mean dis-
tance’ of the whole patch from the riverbank, which we used
as a predictor in analyses using the number of individuals as
a response variable; (2) the maximum distance of the patch,
that is, that of the most distant individuals in the patch from
the riverbank, which we used as a response in other analyses
(Table 3). The mean distance was the best characterization
for all the individuals in a patch, but the maximum distance
was a more suitable measure for assessing the penetration of
I glandulifera in adjacent habitats. Using the mean distance
results in a patch extending 100 m from the riverbank hav-
ing the same distance as a single plant growing 50 m from
the riverbank. For patches < 5 m from each other that were
merged into a single patch, we computed the ‘mean value’ of
each variable to be used in the models: mean distance of the
patch from the riverbank = mean distance of merged patches
weighted by the length of the patches;

maximum
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Table 2 Area of habitat, number of patches with Impatiens
glandulifera in each habitat and the degree of soil disturbance
arbitrarily assigned to each habitat. Note that I. glandulifera
mostly occurred in transitions between habitats (ecotones), for
example sparse woodland on riverbanks (see habitat transitions
in Table S1).

Degree
Area Number of  of soil
occupied (%) patches (%)  disturbance

Sparse woodland 36 30
Riverbank

[ )
[
—
o

Non-managed grassland
Managed grassland
Roadside

Dense woodland
Clearing

—_
W U= W o o U

Ruderal site
Railway embankment
Arable field

N W W R U1 U 0 O
W W W W= W o= =W N

Definitions of the habitats: sparse woodland — solitary trees and
shrubs, alder carrs; riverbank — habitat close to a riverbank with
specific riparian vegetation; non-managed grassland — mainly aban-
doned meadows; managed grassland — mowed or grazed grasslands,
mainly meadows (I. glandulifera occurred predominantly at the mar-
gins); roadside — narrow strip of land on either side of a road or
track disturbed by passing vehicles and mowing; dense woodland —
shady forests and woody plantations; clearing — woodland habitat
with nutrient enrichment, high disturbance and partial shade; rud-
eral site — ruderal area subject to regular disturbance, such as soil
heaps, abandoned industrial field, etc.; railway embankment — simi-
lar habitat to roadside, but differing in substrate (riprap) and regular
herbicide spraying; arable field — mainly field margins, but 1. glan-
dulifera is able to penetrate into crops (typically those with a wider
spacing during early development, such as maize or rape).

Table 3 Overview of response and explanatory variables used in
maximal models in this study, ordered as we used them in the
ANOVA models. We also included all two-way interactions
among the predictors and quadratic terms of selected factors,
which are marked with asterisks.

Explanatory variables
included in the

Response variables maximal models

Number of individuals River, mean distance of

in patch patch from riverbank*,
vertical distance from
river surface¥, subject to
flooding (Y/N), degree
of soil disturbance
Maximum distance of patch River, tributary (Y/N)

from riverbank

distance = similar to mean distance; vertical distance above
the river surface = similar to mean distance; position of the
tributary = assigned as tributary patch when at least 50% of
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merged patches were in the tributary; degree of soil distur-
bance = mean disturbance calculated for the merged patches;
flooding = patch considered to be subject to flooding when
at least 50% of merged patches were in the flood zone; num-
ber of individuals = total number of individuals in merged
patches.

Both response variables, the number of individuals and
maximum distance from riverbank, were log-transformed to
achieve a normal distribution and homogeneity of variance,
and three outlying observations were not included in the anal-
ysis. The assumptions of all regressions were checked by plot-
ting diagnostic plots (Crawley, 2013). In models where the
response was the maximum distance of a patch, we analysed
data for patches that were and were not subject to flooding
each based on the five-year flooding data, because of interfer-
ence between the response and flooding. We excluded the
results for the river Berounka from the analysis of the distance
from the riverbank, because there were no flooded patches in
its tributary and therefore we could not test the interaction
between the position of a patch in a tributary and flooding. All
models included only two-way interactions, because the field
data were non-orthogonal (see Table 3). In case of quantitative
explanatory variables, we also included their quadratic terms.
The model containing all terms and their interactions was fur-
ther reduced by backward selection to obtain a model that only
contained the significant factors. The deletion of terms was
validated step by step by comparing the original and simplified
models (Crawley, 2013). The differences among levels of cate-
gorical predictor ‘river’, which was the most important predic-
tor in the analyses, were further tested using Tukey HSD post
hoc comparisons, with river identity as the only predictor.

RESULTS

Number of individuals

About half of the patches with I. glandulifera (48%) were sit-
uated in areas subject to flooding relatively close to the river-
bank (median distance of patch from riverbank was 18.4 m
and 42.2 m for patches that were subject and not subject to
flooding, respectively). River identity was the best predictor
of abundance of I glandulidera expressed as the estimated
number of individuals. There were smaller groups of individ-
uals along the river invaded 20 years ago than along the one
invaded more than 60 years ago, but there was no significant
difference between rivers invaded 60 and 100 years ago
(Table 4, Fig. 1). In patches subject to flooding, there were
more than twice as many plants than in those not subject to
flooding (Fig. 1). The effect of flooding was highly significant
even when distance and vertical distance from river surface
were included in the models as covariates. The number of
individuals was significantly associated with soil disturbance,
with the highest numbers recorded at the least disturbed
sites. The number of individuals was negatively associated
with the mean distance from the riverbank. Environmental
factors accounted for 14.7% of the variation in the data.
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Table 4 Number of individuals in patch in response to factors
included in the minimal model. Response was log-transformed
by analysis of variance; maximal model was simplified by
backward deletion of non-significant terms. Explained variance
is displayed for significant terms only.

Explained
d.f.  variance  Effect Significance

River 3 3.6% < 0.001

Mean distance of patch 1 09% — < 0.001
from riverbank

Vertical distance from 1 0.6% — 0.003
river surface

Subject to flooding 1 34% + < 0.001

Degree of soil disturbance 2 34% — < 0.001

River x Degree of soil 6 1.2% 0.013
disturbance

Mean distance of patch 1 0.082
from riverbank x Subject
to flooding

Mean distance of patch 2 05% 0.030

from riverbank x
Degree of soil

disturbance

Vertical distance from river 1 0.9% 0.001
surface x Subject to
flooding

Residuals 1191

Maximum distance from riverbank

The maximum distance of patches from the riverbank dif-
fered for the different rivers (Table 5, Fig. 2a, b). Impatiens
glandulifera occurred significantly further from the riverbank
of the tributaries than of the main rivers. However, when
testing the effect of tributary for each river separately, it was
significant for patches not subject to flooding on all rivers
(Fig. 2a), but for those subject to flooding only for the river
Jizera (Fig. 2b).

Habitats invaded

The most common type of habitat occupied (based on the
percentage of the area occupied) was sparse woodland (36%)
and riverbank (22%) followed by non-managed grassland
(9%) (Table 2). We found I glandulifera typically under
solitary or scattered trees along rivers, in alder and willow
carrs and at the fringes of forests (Table S1). The typical
occurrence of I. glandulifera is in tree/shrub and herb/grass-
land boundaries in habitats that provide plants with partial
shade. The largest stands of I glandulifera located far from
riverbanks (100 m and more) were found in forest clearings.
We often found this species growing alongside roads and
railways and in ditches, and it also occurred in grasslands
that were rarely mowed or grazed, such as abandoned mead-
ows, but hardly at all if they were regularly mowed or
grazed. Impatiens glandulifera was often recorded at ruderal
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Figure 1 Number of individuals of Impatiens glandulifera in
patches that were and were not subject to flooding along four
rivers in central Europe that were initially colonized by

I glandulifera in different years (noted under river name). Bars
show mean number of individuals in patches predicted by
ANOVA model with merged river and flooding as the only
predictor (resulting in categorical variable with eight levels = all
possible combinations of river and flooding); error bars show 95
confidence interval. Values predicted by models on logarithmic
scale were back-transformed using an exponential function.
Letters beside river names show differences among rivers tested
by Tukey HSD post hoc comparisons. Asterisks above bars show
significant differences between patches that were and were not
subject to flooding along each river tested separately using
Student’s t-test.

sites, such as abandoned industrial zones in the vicinity of
rivers, soil dumps and rubbish heaps. Patches at ruderal sites
were over-represented in terms of numbers (11%), but occu-
pied only 3% of the area invaded along the rivers (Table 2).
It was rarely found in crops (2% of the area invaded; maize,
wheat, barley, rape and soya), where it occurred mainly at
field margins. It was abundant along riverbanks, but rarely
occurred on the shores of ponds.

DISCUSSION

Number of individuals

Most patches with 1. glandulifera were located close to rivers,
often in areas that are subject to flooding, which corresponds
with the reported habitat preferences of this species (Beerling
& Perrins, 1993; Pysek & Prach, 1995a).

There were approximately twice as many individuals in
patches that were subject to flooding as in those that were
not. This holds true in models where patch mean distance
and vertical distance from river surface were included as
covariates and indicates that there is a direct effect of
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Table 5 Maximum distance from riverbank of patch in areas that were or were not subject to flooding in response to factors included
in the minimal model. River Berounka was excluded from this comparison, because there were no patches along tributaries that were

subject to flooding.

Not subject to flooding

Subject to flooding

Explained Explained
d.f. variance Effect Significance d.f. variance Effect Significance

River 2 11.9% < 0.001 2 7.4% < 0.001
Tributary (Y/N) 1 6.4% + < 0.001 1 3.4% + < 0.001
Residuals 585 502
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Figure 2 (a, b) Mean maximum distances of patches from riverbanks that were not (a) and were subject to flooding (b) along three
rivers in central Europe that were initially colonized by Impatiens glandulifera in different years (noted under river name) and according
to whether or not the patches were in a tributary. Bars show mean distance of patches predicted by ANOVA model with merged river
and tributary as the only predictor (resulting in categorical variable with six levels = all possible combinations of river and tributary);
error bars show 95 confidence interval. Values predicted by models on logarithmic scale were back-transformed using an exponential
function. Letters beside river names show differences among rivers tested using Tukey HSD post hoc comparisons. Asterisks above bars
show significant differences between patches along a tributary and along the river for each of the rivers studied based on Student’s -
tests. River Berounka was excluded from this comparison because none of the patches along the tributary of this river were subject to

flooding.

flooding on I glandulifera not influenced by the proximity
of a river. Floods act as dispersal vector for seeds (Lhotskd &
Kopecky, 1966; Goodson et al., 2003) and disturb native veg-
etation (Planty-Tabacchi et al., 1996), but can also have a
detrimental effect on some invasive species, depending on
their biology (Predick & Turner, 2008; Schmiedel & Tacken-
berg, 2013). Impatiens glandulifera is very susceptible to
spring and early summer floods (Kasperek, 2004), because as
an annual it has shallow roots and can be easily damaged by
the water flow. Kasperek (2004) recorded extreme fluctua-
tions in L glandulifera abundance due to flooding and water-
ground table regression in reed communities with large
quantities in some years and a sharp decline in others. Also
Dajdok er al. (1998) report the destruction of the majority of
localities along the Odra river in Poland due to a June flood,
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only the individuals on the top of the riverbanks survived. In
spite of this, 1 year later single individuals emerged and
2 years later Impatiens was abundant in the locality (Dajdok
et al., 2003). Analogously Blazkovd (2003) reports the total
destruction of I glandulifera stands along Berounka river,
due to a flood in August; there were only two I glandulifera
individuals alive 2 months after the flood, but she suggests
that seeds were probably spread to new sites. According to
Koppl (2002) the floods in Tichd Orlice river accelerated
spread of the species to more distant sites (~25 m from the
riverbank), although populations under trees and shrubs in
the river vicinity were heavily damaged. This author also
reports that highest abundance the species reached at flood
created sand alluvia (Koppl, 2002). The winter floods from
melting snow are more common in the Czech Republic than
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summer floods (Elleder, 2007); winter floods transport seeds
and disturb the soil but do not harm I glandulifera plants.
As we demonstrated above, the timing of flood is critical,
and it has the most detrimental effect just before the seed set
when it can drastically lower the species’ abundance. There-
fore, flooding can be viewed as an opportunity for eradica-
tion of I glandulifera from small watersheds. However, it is
necessary to keep in mind that only few surviving or newly
emerging individuals are able to restore the population, and
Kasperek (2004) shows changes in cover from “+ to ‘5’ in
I glandulifera cover on the Braun—Blanquet scale from
1 year to the next, which corresponds to an increase from a
few individual to a dominant stand with 75-100% cover.
Water flow creates a seed—soil mixture, which sediments out
downstream (Gurnell et al., 2008) and provides ideal condi-
tions for seed germination. Seeds of I glandulifera do not
float on the surface of the water but are transported along
the riverbed (Lhotskd & Kopecky, 1966); however, long-term
inundation of seed reduces germination considerably (Janc-
zak & Zielinski, 2012). The great amount of seeds dispersed
over floodplains, together with massive seed production,
contribute to the dominance of this species in areas subject
to flooding. The spread of I glandulifera in flooded areas
can be also promoted by nutrient enrichment from flooding.
Although the species is known to tolerate poor nutrient con-
ditions, overall fitness and especially fertility are much lower
in nutrient-poor soils than in the rich ones (Kostrakiewicz-
Gieralt, 2015; Minden & Gorschliiter, 2016). This view is
supported by Elst er al. (2016), who attribute the balsam
success in its new ranges to the fact that it colonized habitats
with higher nitrogen availability than in the native distribu-
tion areas. Last but not least, stands of I glandulifera pro-
mote soil erosion (Greenwood & Kuhn, 2014) and as there
are almost no other species in these stands that would stabi-
lize the soil, erosion ensures the persistence of I. glandulifera
once a site is colonized. Impatiens glandulifera, despite being
an annual, is known to be able to persist at a site for
70 years (Larsson & Martinsson, 1998), but such long-term
persistence could be also caused by recolonization. Popula-
tions close to the human settlements usually diminish after
few years, mainly due to the damage of habitats or lack of
repeated introduction in the vicinity of settlements in north-
ern countries, such as Latvia (Helmisaari, 2006).

There is currently greater abundance of I glandulifera
growing along the rivers that were colonized earlier than
along the river Berounka, which was colonized later. Species
with long residence times are more widespread (e.g.
Rejmének, 2000; Wilson et al, 2007) and more likely to
become invasive (Pysek & Jarosik, 2005). However, in this
study the rivers invaded more than 60 years ago did not dif-
fer in the level of abundance of I. glandulifera. Another
explanation of the lack of difference in rivers invaded long
time ago could be the extremely fast spread of I glandulifera
during the last decades, which seems to be somewhat unre-
lated to the time of introduction (Wade, 1997); the number
of localities increased eight times between 1990-2009 in
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Polish Carpathians that were invaded in the mid-1960s
(Zajac et al., 2011). It is necessary to treat our results with
caution because the data are only for four rivers, and resi-
dence time and river identity are confounded. Although the
invasion of I glandulifera has proceeded rapidly and along
some rivers all suitable habitats appear to be occupied, only
repeated sampling of the same site will reveal whether it has
ceased increasing in abundance along these rivers (e.g. Dostdl
et al., 2013).

Maximum distance from riverbank

River identity and whether or not the patch is located in a
tributary were the most important predictors of the maxi-
mum distance of I glandulifera from a riverbank in both
patches subject and not subject to flooding, but plants along
rivers invaded early did not spread further from the river-
bank than those occurring along more recently invaded riv-
ers. This contradicts the results of Malikovd & Prach (2010).
Differences in our results may be due to our using GPS
devices to more accurately measure the spatial parameters of
I. glandulifera populations.

Patches along tributaries were generally further from bank
of the main river than other patches; this was true for
patches not subject to flooding on all four rivers. We found
no indication that I glandulifera colonized tributaries earlier
than the rivers (based on the list of historical localities in
Pysek & Prach, 1995b); therefore, it is assumed that I glan-
dulifera gradually spreads upstream. We are aware that there
is a possibility that some of the tributaries could be colo-
nized downstream, for example from plants escaping from
the private gardens (e.g. Kurtto, 1996; Priede, 2008). Given a
thorough documentation of the initial spread of this conspic-
uous species in the Czech Republic that did not indicate
early occurrences on the tributaries (PySek & Prach, 1995b),
we believe that the greater distance of the patches from river-
banks along tributaries is due to the habitats there favouring
its long-term persistence. It is thus important to take into
account the persistence of small vulnerable populations that
cannot be maintained by propagules from a neighbouring
upstream population (Love et al., 2013). This assumption is
supported by the short-term persistence of unconnected pop-
ulations, compared with connected ones, as recorded for
Heracleum mantegazzianum (Pergl et al., 2012). For I glan-
dulifera, small forest populations persisted for 4 years (Cuda
et al., 2014), but 3 years later they were out-competed by
shrubs (J. Cuda, unpublished data). Annual plants with a
short-term seed bank, although competitively strong at
maturity, such as I glandulifera (Perglova et al., 2009),
require stable conditions for continuous year-to-year sur-
vival, or the possibility of spreading quickly to form new
stands when conditions are not suitable. We also recorded a
sharp decline in abundance and area occupied by I glan-
dulifera population in the mixed forest far from the river-
bank during the extreme drought in 2015, in an experiment
lasting 3 years (Cuda et al, under review). This view is
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supported by results of Malikova (2003), who found a very
high persistence (94%) of I. glandulifera populations along
streams and rivers, but negligible persistence at non-riparian
localities (9%).

Invaded habitats and possible management practices

Impatiens glandulifera was dominant especially in flooded
zone in the close vicinity of the river, in accordance with the
results of Balogh (2008) who reports that the species is con-
centrated in highly productive and moderately disturbed
habitats. We observed similar patterns in its distribution far
from riverbanks. This species is able to grow at sites exposed
to direct sunlight if well supplied with water. In such condi-
tions, it grows on eyots, gravel and sand alluvia or directly
on riverbanks if its roots can access the groundwater (Beer-
ling & Perrins, 1993; Balogh, 2008). Otherwise, I. glandulifera
prefers partially shaded sites (Skdlova et al, 2013; Cuda
et al., 2014), such as among sparse shrubs, scattered trees,
forest gaps, clearings and margins; however, fully shaded
sites, such as dense young spruce plantations or closed forest,
are an effective barrier against its spread. Canopy shade can
be further enhanced by shading due to geomorphology; for
instance, 1. glandulifera rarely occurs in deep forested valleys.
Under canopies, I glandulifera plants are protected from
early spring/late autumn frosts (Beerling, 1993; Skalova et al.,
2011).

It needs to be emphasized that the spread of L. glandulifera
is effectively blocked in traditionally managed landscapes.
The exponential increase in abundance after WWII (Pysek &
Prach, 1993) was probably due to abandonment of tradi-
tional management. This is especially true for edge habitats,
such as riverbanks, forest fringes and road margins that are
often invaded by exotic species (Hansen & Clevenger, 2005).
Unification of small fields by agricultural cooperatives during
the 1950s-1960s (Blazek & Kubdlek, 2008) led to the aban-
donment of labour-intensive management of narrow strips
of the land that was difficult to cultivate by machinery. This,
together with the increase in the input of nutrients, accumu-
lating in those ecotonal habitats, probably contributed to the
increase in the rate of spread of I glandulifera since the
1960s (see Pysek & Prach, 1995a). The positive effect of
management is evident in Switzerland, where river banks are
continuously managed and there are very few dense stands
of I glandulifera along river banks (Z. Rumlerovd, personal
observation). In particular, it is effectively blocked in areas
grazed by cattle, horses and sheep; at sites where it was pre-
sent before grazing plants are consumed and trampled (Lars-
son & Martinsson, 1998; Helmisaari, 2006). In contrary,
Matthews et al. (2015) consider grazing as a limited tool for
species eradication, because most of the grazers consume
other plants before eating I. glandilufera. Cockel & Tanner
(2011) point out that grazing along watercourses during the
seed release can create further disturbances that favour the
spread of the species. During the fieldwork, we recorded only
a few individuals growing along grazed or mowed riverbanks,
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despite otherwise suitable conditions and a nearby source of
propagules. Impatiens glandulifera is unable to become estab-
lished in continuously grazed or mowed areas completely
and densely covered by grass (PySek & Prach, 1995a; Larsson
& Martinsson, 1998), and short statured vegetation is sup-
ported by grazer generalists, such as cattle. We consider graz-
ing as a potentially effective management tool, if it is applied
in proper time, ideally several times during the season (but
not during the seed release); animals also heavily damage the
fragile stems. Continuous grazing over more seasons prevents
species to retrieve, while single-shot eradication is pointless
and can even enhance spread of the species.

Together, these results provide us with a holistic picture of
I glandulifera future potential distribution; the centre of its
occurrence will be along the rivers colonized long ago.
Floods can have ambiguous effect on abundance of the spe-
cies, depending on the timing, but in general seem to pro-
mote species dominance by spreading the seeds, increasing
the nutrient availability and disturbing the native vegetation.
The spread will proceed along smaller currently uncolonized
watercourses; however, smaller scattered populations will
temporarily occur in a wide range of other habitats. It is rel-
atively easy to manage the species in the small areas, if the
eradication is systematic (Saegesser et al., 2016); if so, it pays
back to follow a sharp decline of the population in particular
years that is periodically caused by flooding in riparian and
by drought in non-riparian ones.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the
online version of this article:

Figure S1 Maps showing the occurrence of Impatiens glan-
dulifera along four river segments within the study. The diam-
eter of the circle indicates the total number of individuals in
thousands in every 3 km of watercourse; red sector of the cir-
cle represents proportion of individuals in areas subject to
flooding, green sectors are those that were not subject to flood-
ing. Projection: S-JTSK/Krovak East North - EPSG:5514.

Figure S2 Map showing the occurrence of Impatiens glan-
dulifera along a short segment of the river Jizera. Red circles
represent patches in areas subject to flooding, green circles
are patches that were not subject to flooding; the diameter of
the circles indicates the number of individuals in thousands
in the patch. The zones that were subject to flooding over a
five-year period are plotted in red. Picture also shows some
typical occurrences of patches more distant from the river-
bank: this species often spreads along railway embankments
(green dots on the right and bottom left), small water
courses and forest margins (green dots on the left). Projec-
tion: S-JTSK/Krovak East North - EPSG:5514.

Figure S3 Abundant growth of Impatiens glandulifera along a
railway line close to the river Jizera.

Table S1 Percentages of transitions between habitats present
in patches with Impatiens glandulifera. Those with more than
2% of the total number of particular transitions are in bold.
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6 Synthesis

6.1 Summary of main results

Before interpreting the results from a broader perspective of the current invasion ecology, I will
briefly summarize the main findings obtained in particular studies (Table 2). This summary
shows which Impatiens species were included, what were the approaches used to obtain the
data, which questions were asked and what were the answers based on the results of the studies.

Table 2. Overview of the Impatiens species studied, data sources, questions and answers related to particular studies.

Study species Data from Question Answer
. . . . Juvenile traits: heavy seed, high
Which biological traits are as- . Y £
. . o seedling growth rates and low
sociated with the ability to nat- roportion of seedling biomass

L balfourti, uralize in the genus Impatiens? prop ] &

I balsamina allocated to roots

I. . Experimental

. capensis, . . .

I e 5 eworthii garden, What is the role of the fre- High frequency of planting was
< 1' ﬂeiu‘n i * climatic quency of planting in the prob-  positively correlated with num-
= ' st chambers ability of becoming natural- ber of naturalized regions
2 L glandulifera, . .

2 . & databases ized? worldwide.
1. noli-tangere,
L. parviflora (GloNAF, . .
- parvytora, DAISIE) Are the traits of the native spe-
L scabr lfia’ cies, that is successful in a Traits of successful invaders
1. walleriana given settings, close to those of ~ were similar to those of
the successfully naturalized the native congener.
species?
What site-specific environmen- .
... . Occurrence of Impatiens was
tal conditions determine the . -
predominantly driven by
presence or absence of the Im- . .
. . moisture and shading.
patiens species?
. .. Impatiens abundance was deter-

1. glandulifera, What are the main abiotic and P . .
Q . . . mined by congeneric competi-
> L noli-tangere, . biotic factors that determine the . . . .

g I il Field hort-term lation dynami tion; invasive 1. glandulifera
17 - parvytora SHOTL-Lerm popuiation GyNAMICs .y o ted the strongest negative

of these species in the field?

Under which combination of
the studied factors is the coex-
istence of Impatiens species
possible?

impact on both congeners.

Area of coexistence was quite
limited, however possible in
moderately shaded habitats with
sufficient water supply.

77



L glandulifera,

What is the effect of density-
dependent congeneric competi-
tion and environmental condi-
tions on the ability of plants to
complete their life-cycle?

Life-cycle completion was more
affected by abiotic factors, in

I. noli-tangere positively by high
moisture, in 1. parviflora by deep
shade and in I. glandulifera by
deep shade and congeneric com-
petition.

Biomass and fecundity were

:::; L noli-tangere, | Experimental more influenced by competitive
;/E) L parviflora garden How do these factors affect interactions that the environment,
plant biomass and fecundity? L. glandulifera was strongest
competitor irrespectively of envi-
ronmental set up.
1. glandulifera overtopped both
How does the effect of compe- | congeners from the early stages
tition change over time with re- | of the experiment and this differ-
spect to the life stages? ence became more pronounced
with time.
Abundances were two times
Which factors determine the higher in flooded patches than in
abundance of I. glandulifera, non-flooded. River invaded 20
expressed in terms of the num- | years ago was infested less than
bers of individuals in a patch? those infested more than 60 years
ago.
<+ . Field & data- | What determines the maximum | Patches located on tributaries
> L. glandulifera . . .
= base distance of I. glandulifera from | were two-times further from the
7] (DIBAVOD) | ariverbank? riverbank than the other patches.

Which of the habitats adjacent
to rivers are invaded?

Most common habitat was
riverbank with scattered trees
and non-managed grasslands,
from those further from
riverbank the most common were
forest fringes and clearings.

6.2 Traits associated with invasiveness in the genus Impatiens and the role of

planting frequency

Two proxies representing species invasiveness, the number of naturalized temperate regions
globally and invasive status of species in Europe reflected different relationship to species traits.
This was caused by the nature of both measures: the number of naturalized regions worldwide
(GIloNAF, van Kleunen et al. 2015, Pysek et al. 2017) is a quantitative measure that represents
a species’ ability to become widespread, while invasion status in Europe (DAISIE 2017) is
a qualitative variable that shows its ability to naturalize in at least some regions within this
continent. However, some patterns were universal: juvenile traits (seed and seedling traits) were
more important than the adult traits (adult biomass and fecundity) and frequency of planting
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had positive effect on the naturalization success. The crucial importance of an early phase of
development for naturalization success (van Kleunen and Johnson 2007, Skélova et al. 2012)
can be explained by life strategy of these species, of which all but I. walleriana are annual.
Annuals have to succeed in their early life-stages as they have the only chance to reproduce,
while perennials can wait in juvenile stage for many years before they reproduce. All of the spe-
cies involved in the study possess the ruderal life-strategy (sensu Grime 1977), i.e. they colonize
disturbed environment, grow fast and fruit early and massively. The majority of Impatiens spe-
cies require partial shade and grow in moist habitats that are often well supplied with nutrients
(Grey-Wilson 1983, Morgan 2007). The establishment in shaded habitats places demands on
nutrient reserves in seed; shade-tolerant species usually have large seed that ensure enough nu-
trients until the plant develops sufficient leaf area (Walters and Reich 2000).

The frequency of planting was a stronger predictor of naturalization than the biological
traits. The number of temperate regions in the world where a species have naturalized was
strongly positively correlated with the frequency of its planting. Further, all alien species
planted in experimental garden completed their life cycle, which suggests that they have poten-
tial to survive under local environmental conditions. This shows that more species could be-
come naturalized if they were planted more commonly. Easy seed shipping and cultivation to-
gether with increasing popularity of Impatiens as ornamental plants suggest than many species
of this genus represent potential invaders. This is supported by successful establishment outside
cultivation of some not yet widespread Impatiens species; some of those included in my study
are already naturalized regionally, such as I. edgeworthii in Germany (Weiss 2013, Kalveram
2014). Others are recently spreading and becoming globally distributed, such as 1. balfourii
(Fig. 3A, GBIF 2017).

6.3 Niche partitioning and coexistence of native and invasive Impatiens species

Three Impatiens species co-occur in the field and compete, nevertheless, there was a marked
microsite differentiation among them. Soil moisture and shading were the most important fac-
tors that influenced their occurrence. Native 1. noli-tangere performed best in moist and shaded
conditions, while in more open stands it was displaced by the competitively stronger /. glandu-
lifera. The invasive I. parviflora performed best in dry and shaded sites that represent ecological
pessima of other Impatiens species (Perrins et al. 1993, Godefroid and Koedam 2010). Impati-
ens glandulifera exhibited a unimodal response to shading and surprisingly its presence was not
affected by soil moisture, which is surprising for a species confined to watercourses and con-
sidered a wetland plant (Beerling and Perrins 1993, Prach 1994). All localities were selected to
harbour mixed populations of all three species, thus the patterns found can be generalized only
for sites where all three species co-occur. The ecological niches of the three Impatiens species
are wider, especially in I. parviflora which tolerates even dry and shady conditions and invades
many habitat types in central Europe (Sadlo et al. 2007, PySek et al. 2012a).

Our results imply that the area of coexistence of all three species is rather limited be-
cause of the microsite differentiation (Shmida and Ellner 1984, VivianSmith 1997). In the field,
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the populations of the three species will form rather separate than mixed populations with mix-
ture zone dependent on year-to-year variation of local conditions. Existence of mixture zones
can be further explained by colonization abilities of all three species (Coombe 1956, Beerling
and Perrins 1993, Hatcher 2003) — they rapidly occupy free and unstable habitats created by
disturbances (Kasperek 2004). As a result, the native 1. noli-tangere will be competitively dis-
placed from less shaded and drier parts of its niche when competing with I. glandulifera.
The second invasive species, I. parviflora, is not competitively stronger than the native conge-
ner thus obviously will have a limited impact on its population dynamics (Vervoort et al. 2011).

6.4 Detailed insights into competition: environmental conditions, density and
life-stage

We focused on three different outcomes of competition in the manipulated experiment in the
common garden: life cycle completion, performance (biomass and fecundity) and temporal var-
iation in height. Environment was more important for life-cycle completion, while species fit-
ness expressed as species biomass, fecundity and temporal variation in height was more strongly
influenced by competition. This suggests that competition among congeneric species affects
their performance, which can be further translated into invasion success (see PySek and Rich-
ardson 2007 for review). In Impatiens, environment works as a filter in early life stages; while
after the populations are established competition comes into play. When we extend this
knowledge on invasion stages (Richardson et al. 2000, Blackburn et al. 2011) then environment
is important in the phase of establishment (i.e. whether the species remains casual), while com-
petition becomes more important during the later stages of the invasion process (codetermining
whether it reaches the naturalized or invasion status).

The effects of competition on life-cycle completion observed in the common garden
were consistent with results from the field (Study 2). The native I. noli-tangere performed and
survived better under sufficient moisture, I. parviflora and 1. glandulifera in a deeper shade.
The native species completed its life cycle more successfully than the invaders, which indicates
that it is better equipped to cope with local conditions than the invasive species (Alexander et
al. 2011). The biomass and fecundity were more influenced by competition; invasive I. glandu-
lifera was competitively strongest regardless of competitors and environmental conditions. The
native congener, . noli-tangere was competitively intermediate and /. parviflora was inferior.
Interestingly, the biomass of 1. glandulifera was affected by native I. noli-tangere, while its
fecundity remained unaffected. This can be explained by a plastic response of I. glandulifera,
which is able to relocate nutrients to seed production (Berg and Ellers 2010) and maintain a high
propagule output. Another interesting finding is that plants in moist and dry environment had
similar height and fecundity, but those in high water had lower biomass. Plants in high water
supply can probably afford to invest less cellulose into their stems (forming larger cells and
thicker cell walls) because stems are kept in an upright position by the water turgor.
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6.5 Distribution of Impatiens glandulifera and its spread from river corridors

Flooding has a positive effect on the size of I. glandulifera populations; there were twice as
many individuals in flooded plots than in non-flooded, regardless of distance from riverbank
and elevation above river surface. The flood combines three important positive effects on pop-
ulations of I. glandulifera that act by spreading seed (Gurnell et al. 2008), disturbing native
vegetation, and supplying nutrients (Planty-Tabachi et al. 1996). Seed production in monocul-
ture 1. glandulifera stands is enormous, the seed rain is reported to reach 32,000 seeds per square
meter (Koenis and Glava¢ 1979). During the flood non-floatable seeds are transported along
riverbed, create a seed-rich mixture with soil and sediment out downstream (Lhotska and Ko-
pecky 1966). Seeds germinate synchronously (Beerling and Perrins 1993), seedlings create
dense canopy cover in several weeks that impede growth of other plants. Mature plants have
shallow root system that promotes soil erosion (Greenwood and Kuhn 2014). This blocks suc-
cession and facilitates persistence of the species once it is established. The role of disturbances
seems to be pivotal, because the species was found to grow in drier, but disturbed habitats. As
aresult I. glandulifera hardly colonizes stands with dense vegetation, such as mowed or grazed
meadows, where there is a limited space for establishment (Larsson and Martinsson, 1998).

Impatiens glandulifera spreads further from riverbanks in tributaries, which is in agree-
ment with its habitat requirements (Beerling and Perrins 1993, PySek and Prach 1995). Water
spreads seed only downstream, but riparian habitats provide ideal conditions for growth and
establishment and gradual spread upstream, because of stable water supply, shading by riparian
trees and newly created stands with bare soil (PySek and Prach 1993). Importantly, if some
small patchy populations are destroyed, they can be quickly saturated by recolonization from
neighbouring populations upstream (Love et al. 2013). The connectivity of watersheds surely
contributed to the persistence of this annual species with short-term seed bank (Perglova et al.
2009). This is strongly supported by data of Malikova (2003), who found very high persistence
of populations along watercourses (94%), but poor in other localities (9%). Our results support
this view, we found non-riparian populations to be less abundant and often located in transient
habitats, such as soil heaps, clearings and ruderal places that will change due to succession.
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7 Conclusions: current state of invasion and outlook on future
trends

Congeneric comparison proved to be a useful tool for more precise description of differences
between successful invaders and species that do not invade, because of smaller variation in traits
caused by shared evolutionary history. One signal from the set of studies presented in this thesis
is that we can expect further invasions in the genus Impatiens, fuelled by its horticultural pop-
ularity and frequent planting. This belief is supported by a historical experience with common
cultivation and intentional spread into the wild that contributed to the invasion of I. glandulifera
in the past. Nevertheless, the inconspicuous 1. parviflora, a small-statured species that spread
without human help, became the most common invasive Impatiens species in the central Eu-
rope. The mechanism of spread of I. parviflora is still not fully understood, but has to be rather
effective as this species is commonly found in remote and isolated woodlands.

However, there is an evidence of some newly naturalized species, such as I. edgewor-
thii, starting to spread in Germany. This species is only locally common and still could be erad-
icated before it becomes more widespread. Moreover, I suggest that some species that are al-
ready invasive are extending their secondary ranges and becoming more abundant —I. balfourii,
L. glandulifera and 1. parviflora. These three species, currently widespread in Europe, will prob-
ably become more common in the temperate zone all around the globe. This is likely to happen
in North America, where all three of them already occur, but their distribution is still somewhat
limited. The existence of suitable habitats and climatic match is guaranteed as native Impatiens
species occur in North America, similarly as in Europe.

Juvenile traits were crucial for invasion success that is largely driven by population
establishment and early phase of development of these annual plant species. Three congeneric
species, one native and two invasive, that are common in temperate Europe, partly overlap in
their niches. Native I. noli.-tangere is being competitively excluded from part of its niche
by competitively stronger 1. glandulifera, while competitively inferior I. parviflora has limited
impact. Impatiens parviflora is an example of species with discrepancy between its relatively
minor impact and extensive area invaded, nevertheless studies that account for its impacts are
contradictory and it is better to adopt the precautionary principle. Impatiens glandulifera and
L parviflora are very successful invasive species that are characterised by the same suite of
traits: high seed germination rate, big phenotypic plasticity, and fast dispersal. These two inva-
sive annuals, although belonging to the same genus, differ markedly in their life strategies that
resulted in their recent massive invasion. This points to that every invasion event is unique and
broader generalisations are applicable only to some extent.

Impatiens parviflora is able to grow in dry shady sites with low competition from native
herb species. There is a limited number of species of shady understories in central Europe. None
of them is an annual species forming monocultures, thus it seems that I. parviflora took and
advantage of occupying an empty niche. Similarly, more light-demanding /. glandulifera re-
quires bare soil to establish, therefore it grows in disturbed sites. However, after establishment
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it is highly competitive, with synchronous germination early in the season, fast growth and tall
stature in particular. Populations are mainly located along watercourses with strong affinity to
flooded sites. This is consistent with general pattern that invasions often start in riparian habi-
tats. The reason is that flood spread seeds over long distance downstream and out of the river
corridor, create gaps for establishment and bring nutrients that are needed to maintain high
propagule pressure. Populations further from the rivers were smaller, unconnected and seem to
be transient due to environmental stochasticity or succession of perennial species.
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