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Abstract The effectiveness of invasion depends on

the interacting environmental factors and biology of

the invader. The effects of these interactions are

contingent on their contexts and difficult to predict.

Among the most successful plant invaders in Europe

are the goldenrods (Solidago and Euthamia genera).

We assessed the roles of ecological niche differenti-

ation and historical contingency on their distribution

in Silesia (Central Europe, studied area approximately

32,000 km2). The distributions of the two most

common species (S. gigantea and S. altissima) were

clumped, and the species dominated different areas.

The distribution was unrelated to ecological niche

differences but originates rather from the history of

invasion and subsequent density-dependent spread;

the species that was first introduced occupied available

habitats and prevented the establishment of other

species. Solidago canadensis was distributed ran-

domly throughout the entire region and did not differ

from S. altissima in its ecology. Euthamia graminifo-

lia differed from the other goldenrods in habitat

preferences and environmental requirements. Its dis-

tribution was strongly spatially structured, clumping

around initial infestation sites. The extents of the

differences resulting from ecological niche differen-

tiation and the limitation of long-range dispersal are

unclear. We argue that the under-representation of E.

graminifolia in abandoned fields originates from the

inhibition of establishment in habitats already occu-

pied by other goldenrods. The results underline that

the effect of historical contingency can be more

prominent than ecological niche differentiation on

invasive species distribution and invasion

effectiveness.

Keywords Biological invasions � Dispersal

limitation � Ecological contingency � Habitat

preferences � Invasion effectiveness � Local

distribution � Priority effect � Range infilling

Introduction

Invasions of alien species alter biodiversity, landscape

structure, ecosystem functions and services, and the
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local economy, as well as human health and well-

being (Chapuis-Lardy et al. 2006; Pejchar and

Mooney 2009; Hejda et al. 2009; Pyšek and Richard-

son 2010; Vilà et al. 2011; Hulme et al. 2014, 2015).

The total number of invasive species is still increasing,

and habitats may be invaded by multiple species

(Kuebbing et al. 2013; Kuebbing and Nuñez 2015).

Thus, knowledge about the interactions between non-

native species becomes critical for understanding their

distribution and abundance, particularly from the

perspectives of nature conservation and management

(Kuebbing et al. 2013; Kuebbing and Nuñez 2015).

Anthropogenic species movement is the primary

driver of plant invasion (Chytrý et al. 2008; Pyšek and

Richardson 2010; Kuebbing and Nuñez 2015). How-

ever, the subsequent effectiveness of invasion, con-

sidered as the efficient distribution and habitat infilling

within the new range and/or the abundance of

individuals, is driven by the interaction of environ-

mental factors (land-use system, climate, habitat

disturbances and resident vegetation) and the biology

of the invasive species (Lake and Leishman 2004;

Pyšek and Richardson 2008; Catford et al. 2009; van

Kleunen et al. 2010; Essl et al. 2011; Johnson et al.

2012; Warren et al. 2013). The effects of these

interactions are highly contingent on their context

(Chamberlain et al. 2014), e.g. plant community

composition of the new territory, specifically the

presence of interacting species, availability of suit-

able space and resources, and the time a population has

been established (Putten et al. 2013; Vannette and

Fukami 2014; Marchante et al. 2015; Young et al.

2015). Numerous studies of species’ interactions

indicate that the order of arrival into an ecosystem,

the so-called priority effect (Shulman et al. 1983), can

influence local community assembly (Fukami 2010;

Grman and Suding 2010; Kardol et al. 2013; Putten

et al. 2013; Zefferman 2015; Fraser et al. 2015). As a

result, ecological contingencies can govern the suc-

cess of colonisation of dispersing individuals and limit

the distribution of invasive species (Ricklefs 2010;

Fraser et al. 2015). The priority effect should be

particularly strong when interacting species are sim-

ilar in resource use, or when the early-arriving species

strongly affect the environment, and the late-arriving

species have resource high requirements (Vannette

and Fukami 2014).

One of the most successful worldwide plant

invaders are the goldenrods (Pyšek 1998; Weber

2003). Four alien goldenrod species (Solidago and

Euthamia) invade Central Europe: S. gigantea Aiton,

S. canadensis L., S. altissima L. (S. canadensis var.

scabra (Muhl.) Torr. and Gray) and E. graminifolia

(L.) Nutt. Alien Solidago species cause the decrease of

plant species richness (Hejda et al. 2009; Del Fabbro

et al. 2013; Fenesi et al. 2015a; Pal et al. 2015), alter

spontaneous succession (Bornkamm 2007; Bartha

et al. 2014) and negatively influence the diversity of

birds (Skórka et al. 2010) and insects (Moroń et al.

2009). Due to their locally high abundance and

substantial environmental impact, their populations

need to be controlled (Sheppard et al. 2006; Skórka

et al. 2010; Fenesi et al. 2015a).

The native ranges of these species partially overlap

but differ in extent: S. altissima has the largest range,

the ranges of S. gigantea and E. graminifolia are

similar but narrower than that of S. altissima, while the

range of S. canadensis is relatively the smallest

(Weber and Schmid 1998; Weber 2001; Semple and

Cook 2006). They are considered as broad tolerant in

terms of soil characteristics, but S. gigantea is usually

associated with moist to wet habitats, while the S.

altissima is sensitive to flooding (Weber 2000; Abra-

hamson et al. 2005; Weber and Jakobs 2005). In the

native range, several goldenrod species can co-occur,

but the particular combination of the species present at

one site can vary according to site conditions (Rhoads

and Block 2000; Abrahamson et al. 2005). Observa-

tion at the local scale in Pennsylvania, USA, showed

that S. altissima and S. gigantea were associated with

neutral soils, whereas E. graminifolia achieved high

abundance on acidic soils. S. altissima occurred more

often on well-drained soils, S. gigantea on moister

soils with stable water levels over time, whereas E.

graminifolia preferred clay-rich soils.

In Europe, S. altissima and S. gigantea are also

considered as broad tolerant in terms of soil and

climate conditions. They primarily invade abandoned

fields and meadows as well as ruderal and disturbed

habitats (Weber 2000; Weber and Jakobs 2005;

Szymura and Szymura 2013; Bartha et al. 2014).

Nonetheless, it appears that S. altissima prefers drier

sites occurring along roadsides, railway lines and

disturbed places around settlements, while S. gigantea

is more frequent on river banks and moist areas often

connected with river networks (Guzikowa and May-

cock 1986; Weber 2001, 2011; Weber and Jakobs

2005). The presence of E. graminifolia was related to
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moist and wet habitats disturbed by humans (Guzi-

kowa and Maycock 1986).

There is a lack of systematic measurements of

primary environmental gradients that can be used for

testing the hypothesis concerning the distribution of

invasive goldenrods or for modelling their distribu-

tion. This is important because an increase of abun-

dance and infilling available habitats within the

species secondary range is occurring (Szymura and

Szymura 2011; Bartha et al. 2014; Fenesi et al. 2015a,

b). The relationship of a particular goldenrod species

distribution with environmental conditions is unclear,

particularly the recently observed tendency of S.

gigantea to occupy drier habitats (Güsewell et al.

2005; Weber and Jakobs 2005; Lánı́ková et al. 2009;

Bartha et al. 2014).

The establishment of goldenrods from seedlings on

abandoned lands occurs soon after the abandonment,

whereas germination of seeds in undisturbed, well-

established native vegetation is rather infrequent

(Hartnett and Bazzaz 1985; Bartha et al. 2014; Fenesi

et al. 2015b). After establishing at a new site, the

subsequent spread of goldenrods is almost exclusively

clonal via horizontal rhizomes, and the death of an

established genet is a rare event (Meyer and Schmid

1999a, b). The age of single genets of S. altissima and

S. canadensis has been reported to be 20–100 years

(Whitham 1983; Carson and Root 2000). Conse-

quently, goldenrods last for a long time during mid-

successional stages of vegetation (Cain 1990; Wise

et al. 2006; Bornkamm 2007; Bartha et al. 2014;

Fenesi et al. 2015a), and in such well-established

stands, the recruitment of new individuals from seeds

is rather unlikely (Hartnett and Bazzaz 1985; Meyer

and Schmid 1999a). Therefore, it could be hypothe-

sised that the pattern of goldenrod distribution is

influenced by propagule pressure related to the

invasion history; species that occur first may infill

the available habitats and dominate the local vegeta-

tion. Since the number of goldenrod populations is

increasing, the constant presence of their propagules

increases the probability of successful colonisation

when a gap occurs. Because goldenrods are similar

with respect to the use of environmental resources and

strongly affect the environment, the historical contin-

gency caused by priority effect should restrict their

distribution.

In this study, we assessed the relative roles of

ecological niche differentiation, long-range dispersal

limitation and historical contingency in determining

the distribution of invasive goldenrods in Silesia,

Central Europe. We tested the differences among

species with respect to the following aspects: (a) habi-

tat preferences of studied species, (b) composition of

co-occurring vascular plant species, (c) climatic and

topographical variables and (d) soil properties. To

assess the potential role of priority effects and the

subsequent density-dependent processes that lead to

infilling by one species in a particular area, we

modelled the spatial structure of plot locations, effects

of distance from initial infestation sites and the

environmental heterogeneity on goldenrod distribu-

tion. Finally, the quantitative effects of each of these

factors on species distribution were separated.

Materials and methods

Studied species

We studied four alien goldenrod species (Solidago and

Euthamia): S. gigantea Aiton, S. canadensis L., S.

altissima L. and E. graminifolia (L.) Nutt. E. gramini-

folia is most commonly recognised in Europe as

Solidago graminifolia (L.) Elliot; however, based on

anatomical and DNA studies (Semple et al. 1981,

1984), the taxon should be classified to EuthamiaNutt.

genus. The taxonomical problem concerned also

considers S. canadensis and S. altissima as separate

taxa. In several articles, these taxa are reported as two

varieties of S. canadensis s.l.: var. canadensis and var.

scabra (Guzikowa and Maycock 1986; Weber 1997;

Weber and Schmid 1998). Among the primary traits

that differ between S. altissima and S. canadensis, the

length and arrangement of hair covering the stem and

leaves and the shape and margins of the leaves (Weber

1997; Semple and Cook 2006), micro-morphological

characteristics of leaf epidermis (Szymura and Wolski

2011) and rhizome systems (Schmid et al. 1988) have

been described. In this study, the aforementioned

species were separated into S. canadensis and S.

altissima.

Goldenrods were introduced from North America

in the eighteenth century and distributed to gardens in

different parts of Europe (Hitchmough et al. 2004).

After a short time, the goldenrods escaped from

cultivation. At present, S. canadensis s.l. and S.

gigantea are aggressive invaders that are widespread
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in Europe (Weber and Schmid 1998; Weber 2001;

Schlaepfer et al. 2008). In contrast, E. graminifolia is

present only at a few localities in Europe but can form

dense, monospecific stands (Weber and Schmid 1998;

Kompała-Bąba and Bąba 2006; Dajdok and Nowak

2007; Szymura and Szymura 2013). In Poland, the

occurrence of S. gigantea was noted in 1853, S.

canadensis s.l. in 1872 and E. graminifolia in 1885

(Guzikowa and Maycock 1986; Tokarska-Guzik

2003).

Studied area and sampling plot design

The fieldwork was performed in the Silesia region

(Poland, Central Europe, sampled area approximately

32,000 km2, Fig. 1a). The studied area was mostly

lowlands with a rather small portion of foothills and

mountains (Fig. 1b); the land was mostly used for

agriculture (approximately 64 %) and forestry (ap-

proximately 28 %). Within the study region (Fig. 1a),

we established 309 plots, placed at the nodes of

10 9 10 km regular grid. The altitudinal range of

plots was from 50 to 1100 m above sea level; however,

most of the plots were placed at an altitude below the

300 m a.s.l. The total annual precipitation varied

between 533 and 858 mm, and the average annual

temperature varied between 3.5 and 9.2 �C (Hijmans

et al. 2005). Each of the plots consisted of a buffer with

a radius of 282 m (area 25 ha) within which the alien

goldenrods were sampled. The centre of the buffer and

the buffer extent were determined in the field using a

GPS receiver. The land use/land cover (LULC) in the

centre of the buffer was noted. If a population of alien

goldenrods was found, the vegetation was sampled.

The sampling plot was sized 10 9 10 m (area

100 m2), and the cover of all vascular plants found

was assessed using the Braun–Blanquet abundance

scale. The nomenclature of plant species fallows to

Mirek et al. (2002). The Polish vegetation database

housed all the vegetation data (Kacki and Sliwinski

2012). Plots were established wherever Solidago first

occurred, regardless of its abundance. If a few

separated populations of a goldenrod species were

found within the buffer, the stand placed nearest the

buffer centre was sampled. If another species of alien

goldenrods, forming a separate stand, was found, an

additional sampling plot was established. By this way,

in a particular buffer, no sampling plot (absence of

goldenrods), a plot with a single goldenrod taxon, a

plot with two or more goldenrod species or separate

plots with different goldenrod taxa in each could be

established. For each sampling plot, the LULC was

noted, and the cover of trees and shrub canopy was

visually assessed (canopy). The climatic conditions

Fig. 1 Studied region

(panel a, dark grey) and

pattern of historical (before

1939) infestation of

particular goldenrod species

(according to Guzikowa and

Maycock 1986) in Silesia on

the background of altitude

and main rivers (panel b)
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[average annual temperature (tempaver), the maximal

temperature of the warmest month (tempmax), the

minimal temperature of the coldest month (tempmin)

and the annual sum of precipitation (precipitation)]

were determined from the climatic model of Hijmans

et al. (2005). Using the digital elevation model (Jarvis

et al. 2008), the altitude was defined and the

topographic wetness index (TWI) was calculated.

Based on the LULC in the buffer centres and in the

sampling plots, LULC was categorised. A total of 11

types of habitats were distinguished: (1) urban,

industrial and transport areas (urbanised areas); (2)

unpaved roads as footpaths, skidder trail in forests and

sporadically used agricultural roads (unpaved roads);

(3) drainage ditches and strips of land along paved

roads (road verges); (4) habitat edges, e.g.

forest/grassland ecotones; (5) various anthropogenic

vegetation types, other than agriculture—allotments,

orchards, gardens, parks (green areas); (6) meadows

and pastures (grasslands); (7) forests and scrublands;

(8) rivers, ditches, embankments or escarpments; (9)

arable fields; (10) unmanaged strips of lands along

fencing and other types of borders (property bound-

aries); and (11) abandoned lands. Sampling of the

plots gave us knowledge about the frequency and

distribution of each goldenrod species. For 78 sam-

pling plots selected using a stratified-random method,

topsoil samples were collected. As strata, species

identity and geographical space were used. We tended

to sample as much as possible of rare species (E.

graminifolia and S. canadensis) and to obtain spatially

diversified In additionsamples of common species (S.

altissima and S. gigantea). The selected 78 plots were

the ‘topsoil subset’. Soil samples from the top 20 cm

were taken with a soil auger from four randomly

chosen positions and mixed into one sample repre-

senting the plot. Then the subsamples collected from

upper soil layer (approximately 20 cm) were mixed

into one sample representing the plot. In the labora-

tory, the samples were assessed for soil texture, pH of

H2O, carbon (C), total nitrogen (N), phosphorus (P),

potassium (K), magnesium (Mg) and calcium (Ca)

content.

Statistical methods

The percentage of different habitat types found in the

buffer centres was calculated, including the percent-

age of habitats where particular goldenrod species

occurred. Then, the difference between the proportion

of goldenrods and those in the buffer centre with

respect to particular species and habitat type was

calculated. A negative value indicates that a particular

goldenrod taxon was under-represented in a given

habitat type, whereas a positive value indicated that it

was over-represented. The significance of these

differences compared to random was assessed with a

v2 test.

The tendency of the studied species to cluster or

occur with a regular or random distribution was tested

using Ripley’s Kd function.

To verify whether the patches of vegetation invaded

by particular goldenrod taxa differed with respect to

vascular plant species composition, we analysed the

similarity (ANOSIM) and, additionally, performed an

ordination with non-metric multidimensional scaling

(NMDS) using Bray–Curtis distance. As a grouping

factor in the ANOSIM, the occurrence of particular

goldenrod taxa was used; in the case of plots invaded

by multiple goldenrod species, we classified it as a

‘mixture’. Because the results of NMDS ordination

would be under the strong influence of the presence of

particular goldenrod taxa, they were excluded from the

analysis.

The significance of differences in environmental

traits across species was tested using permutation and

Kruskal–Wallis analysis of variance on ranks with a

Nemenyi–Damico–Wolfe–Dunn post hoc test (Hol-

lander and Wolfe 1999; Hothorn et al. 2013).

For all plots, the shortest distances to the initial

invasion location in Silesia were calculated. Data

regarding the initial invasion (distribution before WW

II) were derived from Guzikowa and Maycock (1986;

Fig. 1b). As the authors of that article did not

distinguish S. altissima, we calculated the distances

to the locations of initial infestations by E. gramini-

folia (minEut), S. gigantea (minGig) and S. canaden-

sis sensu lato (minCan).

For modelling goldenrod spatial distributions, we

used the principal coordinate analysis of neighbour

matrices (PCNMs; Borcard and Legendre 2002; Dray

et al. 2006). The geographical coordinates of the plots

were used to compute PCNM, from which vectors that

represented statistically significant positive spatial cor-

relations were selected, using Moran’s I (Borcard and

Legendre 2002; Borcard et al. 2004). The PCNM vectors

were calculated independently for the entire dataset

(N = 232) as well as for the topsoil subset (N = 78).
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All environmental data, distances to initial invasion

sites and the PCNM vectors were used as explanatory

variables in a canonical correspondence analysis

(CCA) of alien goldenrod distribution using pres-

ence/absence data. Two independent analyses were

performed. First, using the all predictor variables for

the entire dataset. The second analysis used the canopy,

topsoil properties, the shortest distances and PCNM

vectors for the topsoil subset. Within the analysis,

models exclusively for environmental data (environ-

ment) were separately constructed, which were used as

the explanatory variables solely for the shortest

distances (distance) and for the spatial data alone

(space) as explanatory variables. In these models, using

forward selection procedures, the variables that signif-

icantly shaped alien goldenrod distribution were

selected. Finally, combined models, including signif-

icant environmental, spatial and distance variables,

were constructed. For these combined goldenrod

distribution models, variance partitioning (Borcard

et al. 1992; Peres-Neto et al. 2006) was used to quantify

the amount of variation explained by the three different

groups of factors (space, environment and distance). In

addition, correlations between the site scores obtained

in the CCA models with space as explanatory variables

on one hand and species data, environment and the

distance group of variables on the other hand were

checked to determine which species and/or which

variables were associated with the spatial structures of

goldenrod population. The significance of the correla-

tions was checked using the Monte Carlo permutation

method (Hothorn et al. 2013).

Statistical analyses were performed using ‘vegan’

and ‘coin’ packages in R environment (Oksanen et al.

2008; Hothorn et al. 2013) and PASSAGE (Rosenberg

and Anderson 2011) software for spatial analysis.

Results

Among the analysed 309 buffers, 232 sampling plots

were established. Monospecific stands of S. gigantea

(N = 92, 40 %) or S. altissima (N = 88, 38 %) were

found in most of the plots. In contrast, plots with a

mixture of these two species (N = 23, 10 %) rarely

occurred. The two remaining species, S. canadensis

(N = 21) and E. graminifolia (N = 9), were much

rarer and mostly occurred in stands along with other

goldenrod species (Fig. 2).

Solidago canadensis occurred most often as a few

ramets in the 10 9 10 m plots (‘?’ according to the

Braun–Blanquet scale), S. altissima and S. gigantea

mostly covered up to 5 % of the plot (‘1’ in B–B

scale), while E. graminifolia covers most often

5–25 % of the plot area (‘2’ in B–B scale). However,

S. altissima and S. gigantea in some plots can cover

more than 50 % of the plot (‘4’ and ‘5’ according to B–

B scale, Online Resource A).

The distributions of S. gigantea and S. altissima

were clustered (values of Ripley’s Kd function above

random ranges, Fig. 3), and their ranges did not

overlap entirely within the studied region. S. canaden-

sis was randomly distributed throughout the region.

The range ofE. graminifoliawas restricted to one area,

but within that range, its distribution was random.

Goldenrods were most often found on abandoned

lands and road verges. The number of plots for

particular species and habitat types is listed in Online

Resource B. All species avoided arable fields and

urbanised areas but were over-represented on road

verges (Fig. 4). We observed differences between the

percentage of habitats invaded by E. graminifolia and

other species. E. graminifolia was over-represented on

unpaved roads and, in contrast to other species, under-

represented on abandoned lands but did not signifi-

cantly avoid forests and scrublands.

The most frequent species co-occurring with the

goldenrods were Cirsium arvense (57.3 %), Artemisia

vulgaris (56.9 %), Urtica dioica (50.0 %), Achillea

Fig. 2 Percentage of plots with particular goldenrod species

growing in monocultures or mixtures with other goldenrod taxa.

In total, 232 plots were sampled with one or more goldenrod

species on each
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millefolium (49.1 %) and Dactylis glomerata

(43.1 %). All of the species found in the sample plots

are listed in Online Resource C. The results of

ANOSIM showed that there were no significant

differences (R = -0.006, p = 0.660) between the

plots invaded by different goldenrod species with

respect to vascular plant species composition. The

NMDS ordination of plots invaded by particular

goldenrod taxa (Fig. 5, upper panel) was consistent

with the results of ANOSIM; that is, the goldenrod

species did not have any tendency to form clusters

with particular species composition. The exception

was the tendency of E. graminifolia to concentrate on

the right side of the graph with forest species. The

ordination of species (Fig. 5, lower panel) suggests

that the first axis is related to the gradient from

frequently disturbed habitats (left wing of the graph,

arable weeds and annual or biennial ruderal species

such as Tripleurospermum inodorum, Conyza

canadensis and Setaria viridis) through mead-

ows/grassland vegetation (centre of the graph, Ar-

rhenatherum elatius, D. glomerata and Lolium

Fig. 3 Maps of the studied

species distribution (grey

dots) and values of Ripley’s

Kd function of different

spatial extents. The grey

area on Ripley’s Kd graphs

shows ranges for random

distribution. The crosses on

the maps denote the centres

of the studied buffers
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perenne) up to relatively undisturbed forest vegetation

(right wing, tree and shrub species such as Sorbus

aucuparia, Corylus avellana and Quercus robur). The

second axis can be interpreted as decreasing moisture

gradient from moderate (upper part of the graph,

Oxalis acetosella, Pinus sylvestris and Equisetum

pratense) to wet habitats (lower part, Phragmites

australis, Stellaria media and Filipendula ulmaria).

Goldenrods occurred in a wide range of soils with

respect to pH, nutrient content and texture. We found

significant differences between taxa with respect to

environmental variables (Table 1). E. graminifolia

occurred in more over-shaded plots than S. altissima

and S. canadensis; however, the latter species were

also sporadically found under canopy cover. We also

found differences between E. graminifolia and the

remaining species with respect to the average

precipitation (S. gigantea) and minimum temperature

(S. altissima and S. canadensis); nonetheless, the

ranges of these climatic variables overlapped among

species. Analysis of the topsoil subset also revealed

differences of E. graminifolia in lower K and Mg

contents and a tendency to occur on more sandy soils

Fig. 4 Differences between the percentages of habitat types

calculated for the goldenrods and the buffer centres. The

positive values reveal over-representation of goldenrod species

in the particular type, while the negative values show under-

representation. The asterisks show statistical significance

Fig. 5 Results of NMDS ordination. The upper panel shows the

ordination of the plots. Because of the low number of plots withE.

graminifolia (asterisks) and S. canadensis (grey trapeze) in these

two groups, plots where these two species occur in combination

with S. altissima and/or S. giganteawere also included. The group

mixture (grey dots) consists of plots with a mixture of S. gigantea

and S. altissima, exclusively. The lower panel shows the

ordination of the species. For legibility, only the species,

distribution of which was best explained by the ordination model,

and/or the most frequent species were shown. The species labels

consist of the first three letters of genus and species Latin names.

The full names are given in Online Resource C
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Table 1 The average ± standard deviation and range (in parenthesis) of environmental variables for each goldenrod species, the

shortest distance to the initial infestation location (distance) and the results of statistical tests (v2, p)

S. altissima S. canadensis S. gigantea E. graminifolia

Entire dataset

N observations 127 21 129 9

Canopy 11.7b ± 21.4 10.2b ± 20.3 17.2a,b ± 27.7 33.3a ± 28.2 v2 = 9.166

(0.0 to 100.0) (0.0 to 70.0) (0.0 to 100.0) (0.0 to 80.0) p = 0.024

Precipitation 590.8a,b ± 38.7 592.0a ± 32.3 580.7b ± 34.8 600.7a ± 24.5 v2 = 9.736

(535.0 to 737.0) (556.0 to 671.0) (533.0 to 675.0) (567.0 to 648.0) p = 0.017

TWI 19.9 ± 2.3 19.5 ± 2.6 19.8 ± 2.0 21.3 ± 0.8 v2 = 7.611

(9.0 to 22.7) (11.2 to 22.7) (12.2 to 22.9) (20.2 to 22.5) p = 0.051

Altitude 204.9 ± 106.3 218.3 ± 95.8 185.5 ± 83.3 181.0 ± 33.6 v2 = 4.723

(53.0 to 674.0) (98.0 to 424.0) (86.0 to 487.0) (147.0 to 246.0) p = 0.198

Tempaver 8.1 ± 0.7 8.0 ± 0.6 8.1 ± 0.5 8.3 ± 0.1 v2 = 2.358

(5.4 to 9.2) (6.7 to 8.9) (6.4 to 8.9) (8.1 to 8.4) p = 0.514

Tempmax 23.1 ± 0.9 23.0 ± 0.8 23.2 ± 0.6 23.3 ± 0.2 v2 = 1.197

(19.2 to 24.5) (21.3 to 23.8) (20.9 to 24.2) (23.1 to 23.5) p = 0.760

Tempmin -5.7a ± 1.0 -5.7a ± 0.8 -5.6a,b ± 0.7 -5.0b ± 0.2 v2 = 9.729

(-8.3 to -4.0) (-7.2 to -4.3) (-7.7 to -4.0) (-5.4 to -4.8) p = 0.019

Distance* 53.2a ± 37.2 20.8b ± 16.9 11.9b ± 6.5 v2 = 80.744

(0.2 to 152.2) (2.2 to 108.5) (2.2 to 21.2) p = 0.000

Topsoil subset

N observations 46 18 43 8

Canopy 12.1 ± 21.1 10.8 ± 22.0 12.2 ± 21.4 31.9 ± 29.8 v2 = 7.145

(0.0 to 80.0) (0.0 to 70.0) (0.0 to 80.0) (0.0 to 80.0) p = 0.066

pH 5.9 ± 0.8 5.8 ± 0.9 5.8 ± 0.9 5.7 ± 1.1 v2 = 0.502

(4.3 to 7.9) (4.3 to 8.0) (4.3 to 8.0) (4.4 to 7.1) p = 0.922

C 3.3 ± 3.4 2.1 ± 1.0 3.7 ± 4.0 4.2 ± 3.9 v2 = 3.769

(0.3 to 20.0) (0.6 to 4.1) (0.6 to 20.3) (1.3 to 13.6) p = 0.296

N 1.6 ± 1.3 1.2 ± 0.4 1.5 ± 0.9 1.3 ± 0.7 v2 = 1.799

(0.3 to 9.1) (0.7 to 1.8) (0.6 to 4.7) (0.6 to 2.9) p = 0.622

C/N 2.0a,b ± 0.7 1.7b ± 0.5 2.1a,b ± 0.9 2.9a ± 1.1 v2 = 10.485

(0.9 to 4.7) (0.9 to 2.7) (0.9 to 5.3) (1.5 to 4.8) p = 0.014

P 47.7 ± 58.7 38.7 ± 26.6 47.9 ± 53.8 13.4 ± 8.4 v2 = 7.036

(3.8 to 279.5) (6.2 to 102.8) (3.6 to 211.2) (5.9 to 29.5) p = 0.069

K 155.2a ± 122.0 141.4a,b ± 96.7 120.2a,b ± 111.5 41.9b ± 26.2 v2 = 11.139

(20.0 to 545.0) (20.0 to 355.0) (5.0 to 520.0) (20.0 to 95.0) p = 0.011

Mg 98.2a ± 55.7 84.0a,b ± 47.4 80.9a,b ± 64.5 50.7b ± 32.2 v2 = 8.428

(22.2 to 234.8) (25.4 to 170.0) (17.1 to 380.6) (22.2 to 115.0) p = 0.032

Ca 710.1 ± 883.5 760.9 ± 1135.2 709.5 ± 837.1 1351.0 ± 1664.1 v2 = 0.356

(147.0 to 4206.0) (170.0 to 4206.0) (18.0 to 3372.0) (18.0 to 4206.0) p = 0.953

Sand 55.4c ± 21.2 55.2b,c ± 22.4 66.8a,b ± 18.7 81.3a ± 5.2 v2 = 14.434

(21.0 to 90.0) (27.0 to 90.0) (27.0 to 91.0) (73.0 to 88.0) p = 0.001

Silt 41.3a ± 19.4 41.8a,b ± 20.6 31.1b,c ± 17.0 17.6c ± 5.0 v2 = 14.252

(10.0 to 73.0) (10.0 to 68.0) (9.0 to 68.0) (11.0 to 25.0) p = 0.002

Clay 3.3a ± 2.3 2.9a,b ± 2.0 2.1b,c ± 1.8 1.1c ± 0.4 v2 = 13.386

(0.0 to 12.0) (0.0 to 6.0) (0.0 to 8.0) (1.0 to 2.0) p = 0.002
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compared to S. altissima as well as on soils with a

higher C/N ratio compared to S. canadensis (Table 1).

The results of CCA of the entire dataset and the

topsoil subset are presented in Table 2. The CCA

model results, developed for the entire dataset, using

the environmental variables showed that the distribu-

tion of goldenrods was significantly shaped by

precipitation and canopy. Their distribution was also

significantly influenced by the shortest distance to

initial infestation sites (distance) of E. graminifolia

(minEut) and S. canadensis (minCan). It was found

that the distance explained more variation than the

environment (Table 2). However, the space repre-

sented by PCNM vectors better described the vari-

ability of goldenrod distribution (Table 2). In

particular, the first CCA axis adequately modelled

the distribution of E. graminifolia (Fig. 6, upper

panel, high positive scores), while the second CCA

axis well represented the contrast between the plots

invaded by S. gigantea (high positive scores) and S.

altissima (moderate and negative scores). The values

of PCNM vectors that significantly shaped goldenrod

distribution plotted against geographical coordinates

are presented in Online Resource D. It was found that

not only the distribution of all the studied goldenrod

species but also the canopy, precipitation and the

distance (minCan, minEut) were correlated with the

CCA axis calculated on the basis of PCNM vectors

(Table 3). This implies that the environmental vari-

ables were not randomly distributed throughout the

studied region but spatially structured and that the

PCNM variables also well reflected the distance. The

combined model that joins environment, distance and

space variables significantly explained approximately

19.6 % of goldenrod distribution variability (Fig. 6,

lower panel). The combined model explained the

distribution variabilities of 32.5 % of E. graminifolia,

23.5 % of S. altissima, 15.8 % of S. gigantea and

5.6 % of S. canadensis. The procedure of variation

partitioning showed that space explains far more

variation than the environment. The fraction of

variation explained by pure distance was relatively

less; however, the high amount of explained variation

was shared with space. The fraction of explained

variation shared by these three components concur-

rently was relatively small (Fig. 6, lower panel). The

first ordination axis, explaining most of the variation,

well modelled the distribution of E. graminifolia. The

second axis reflected the differences between S.

altissima and S. gigantea (Fig. 6, lower panel).

The ordination of the topsoil subset showed that

goldenrod distributions were significantly shaped by

C/N ratio and Mg and the percentage of silt in the soil

among the environmental components. The shortest

distances to initial infestation sites (distance) of E.

graminifolia (minEut) and S. canadensis (minCan), as

well as the four PCNM vectors, also significantly

influenced goldenrod distribution, when the distance

and space group of factors were analysed (Table 2).

The distribution of S. gigantea, S. altissima and E.

Table 1 continued

S. altissima S. canadensis S. gigantea E. graminifolia

Precipitation 595.7 ± 41.9 596.0 ± 33.1 582.7 ± 30.9 601.5 ± 26.0 v2 = 4.484

(540.0 to 720.0) (556.0 to 671.0) (536.0 to 671.0) (567.0 to 648.0) p = 0.215

Distance* 55.2a ± 39.6 20.4b ± 17.7 13.3b ± 8.9 v2 = 31.595

(7.4 to 152.2) (2.2 82.8) (2.3 to 25.9) p = 0.000

Asterisk indicates the Distance was calculated for S. canadensis s.I.

Bold values indicate statistically significant results at p level 0.05

The different superscript letters denote significant differences between pairs of taxa. The sum of observations for particular taxa for

the entire dataset and topsoil subset is not equal to the number of studied plots since two or more species can occur on some plots

Table 2 Results of canonical correspondence analysis (CCA)

(R2, F and p) of the entire dataset and topsoil subset

R2 F p

Entire dataset

Environment 0.031 6.531 0.005

Distance 0.081 10.053 0.005

Space 0.169 6.531 0.005

Topsoil subset

Environment 0.161 4.152 0.005

Distance 0.121 3.402 0.005

Space 0.208 4.786 0.005
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graminifolia correlated with the CCA axis calculated

from the PCNM vectors (Table 3). We also found that

silt and Mg, as well as minCan and minEut, were

correlated with the site score of the first CCA axis

calculated using the space components (Table 3).

Finally, the combined model of goldenrod distribu-

tions explained 28.3 % of the dataset variation (Fig. 7,

lower panel). The pure space component explained

more variation than solely environment fraction and

distance, while the fraction of shared variation was

relatively high (Fig. 7, lower panel). The combined

model explained the distribution variabilities of

46.6 % of E. graminifolia, 33.3 % of S. altissima,

19.9 % of S. gigantea and 10.3 % of S. canadensis.

The first ordination axis again reflected the contrast

between the sites invaded by E. graminifolia and the

remaining species, while the second axis represented

the differentiation between S. altissima and S. gigan-

tea (Fig. 7, lower panel). The details of the topsoil

subset analysis are shown in the Online Resource E.

Discussion

Solidago altissima and S. gigantea

The frequently observed patchy distributions of inva-

sive plant species can result from both dispersal

Fig. 6 Results of CCA ordination for the entire dataset. On the

upper panel, the values of site scores of CCA with exclusively

spatial variables as constraints plotted against geographical

coordinates of plots are shown. The lower panel shows the

results for the combined model (space, environment and

distance) of alien goldenrod distribution: the variation

partitioning results on the left and the CCA biplot on the right.

minCan the shortest distance to the initial infestation location

from S. canadensis s.l. plots; minEut the shortest distance to the

initial infestation location from E. graminifolia plots, E. gram E.

graminifolia, S. alti S. altissima, S. cana S. canadensis, S. giga S.

gigantea, V2–V30 PCNM vectors
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limitation and lack of suitable habitats (Warren et al.

2013). Local dispersal, which leads to infilling gaps

within the invaded range, drives the landscape cover-

age of the invader and, usually, its environmental

impact (Wangen and Webster 2006; Miller and

Matlack 2010; Warren et al. 2013; Bartha et al.

2014). Because of this, the observation of aggregated

patterning without other analysis does not provide an

explanation of the ecological processes and limita-

tions, which determine the observed distribution

(Warren et al. 2013).

In contrast to previous analyses regarding the

differentiation of ecological niches between S.

altissima and S. gigantea, our study reveals little

differentiation of climatic and soil conditions, and

none in the invaded habitats. Despite the fact that in

the native range, S. altissima is considered as

preferring drier sites than S. gigantea (Weber and

Jakobs 2005; Weber 2000), we did not find such

environmental preferences in the studied region based

both on TWI and plant species composition. A factor

essential for successful invasion is competition with

resident vegetation (Levine et al. 2003; Vilá and

Weiner 2004; van Kleunen et al. 2010; Gioria and

Osborne 2014; Kuebbing and Nuñez 2015). Based on

the results, there is no reason to assume that native

vegetation in areas invaded by these two taxa differs.

The results of ANOSIM and NMDS reveal that the

two species did not differ with respect to the

composition of co-occurring vascular plant species.

On the other hand, the distributions of these species

were well modelled using geographical space. Specif-

ically, the location of initial infestation sites, prior to

the rapid spread phase on invasion (Fig. 1b), was well

correlated with the present-day distribution of spe-

cies. This suggests that the observed pattern resulted

from a limitation in the local distribution within the

invaded ranges. However, these species are known to

have efficient long-range dispersal (Weber 2000;

Weber and Jakobs 2005). We suggest that priority

effect limited goldenrod distributions (Shulman et al.

1983; Vannette and Fukami 2014); that is, the

Table 3 Correlations

between species data,

environmental variables and

the shortest distances

significantly shaping

species distribution, from

one side, and canonical axes

derived from CCA analysis

with PCNM vectors as

explanatory variables, on

the other

The correlations were tested

separately for the entire

dataset as well as topsoil

subset

Components Entire dataset Topsoil subset

CCA1 CCA2 CCA1 CCA2

S. altissima Z = -13.332 Z = -11.001 Z = -6.335 Z = -5.739

p\ 0.001 p\ 0.001 p\ 0.001 p\ 0.001

S. canadensis n.s. Z = -5.353 Z = -1.263 Z = 0.4496

p\ 0.001 p = 0.206 p = 0.653

S. gigantea Z = 12.825 Z = 12.733 Z = 6.876 Z = -7.104

p\ 0.001 p\ 0.001 p\ 0.001 p\ 0.001

E. graminifolia Z = 5.413 Z = -5.251 Z = 4.725 Z = 2.498

p\ 0.001 p\ 0.001 p\ 0.001 p = 0.012

Precipitation n.s. Z = -3.2814 – –

p = 0.001

Canopy Z = 2.182 n.s. – –

p = 0.029

C/N – – Z = 1.8002 Z = 0.654

p = 0.072 p = 0.513

Mg – – Z = -2.688 Z = 0.968

p = 0.007 p = 0.333

Silt – – Z = -3.824 Z = 1.614

p = 0.001 p = 0.106

minEut Z = -6.337 Z = -2.508 Z = -4.633 Z = 1.672

p\ 0.001 p = 0.012 p\ 0.001 p = 0.094

minCan Z = 4.636 Z = 1.767 Z = 3.954 Z = -1.717

p\ 0.001 p = 0.077 p\ 0.001 p = 0.086
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goldenrod species that first occupied the particular

area blocked the establishment of further species from

seeds. In subsequent stages, the populations produce a

large number of diaspores that increase the probabil-

ity of invasion of the remaining suitable habitats

within the neighbourhood (Meyer and Schmid

1999a). Results of garden experiments showed that

the two species are similar with respect to their

competitiveness (Szymura and Szymura 2016); thus,

the competitive exclusion of one species by another is

not likely during later stages of invasion. In addition,

the probability that new species could establish from

seeds in a dense, well-established stand is minimal

(Hartnett and Bazzaz 1985; Meyer and Schmid

1999a). In the case of S. altissima, the proportion of

seeds germinated in patches of vegetation was

0.008 %; however, the emergence of seedlings in

artificially created openings was high (Meyer and

Schmid 1999a). The authors concluded that offspring

coming from seeds did not influence the dynamics of

established populations of S. altissima but, most

probably, are important in colonisation of new, open

habitats with disturbed soil. As a result, we observed

regions dominated by either S. altissima or S.

gigantea. The association of S. gigantea with river

valleys seems to be the effect of early colonisation

patterns, rather than strict preferences for wet habitats

in Central Europe.

Fig. 7 Results of CCA ordination for topsoil subset. On the

upper panel, the values of site scores of CCA with exclusively

spatial variables as constraints plotted against geographical

coordinates of plots are shown. The lower panel shows the

results for the combined model (space, environment and

distance) of alien goldenrod distribution: the variation

partitioning results on the left and the CCA biplot on the right.

minCan the shortest distance to the initial infestation location

from S. canadensis s.l. plots; minEut the shortest distance to the

initial infestation location from E. graminifolia plots, E. gram E.

graminifolia, S. alti S. altissima, S. cana S. canadensis, S. giga S.

gigantea, V1–V18 PCNM vectors
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Euthamia graminifolia

This species outstand from the other goldenrod species

as it was under-represented on abandoned lands, key

habitats of invasive Solidago in Central Europe and

did not tend to avoid forests. This species was also

more frequent within linear habitats such as road

verges and unpaved roads. This suggests that the

species is more shade tolerant than the others and is

perhaps less efficient in colonisation and occupation of

open habitats. In contrast, in the native range, it is a

typical species of open prairie landscape (Parker et al.

1993; Lake et al. 2014). In garden experiments, this

species is highly competitive and can significantly

decrease the biomass of S. altissima and S. gigantea

through underground competition (Szymura and Szy-

mura 2016). Therefore, its under-representation in

open areas is more likely attributed to the limited long-

range distribution of this species and to low seed

germination in the new range. The proportion of

germinating E. graminifolia seeds in the native range

of Canada reaches 78 % (White et al. 2009), but in

Europe, very few mature seeds could germinate,

compared to the much higher percentages of S.

altissima and S. gigantea (Voser-Huber 1983; Szy-

mura 2012). Moreover, many of the abandoned fields

in the studied region were already occupied by S.

gigantea, which would additionally limit the expan-

sion of E. graminifolia. Low germination of E.

graminifolia is compensated by efficient re-growth

by rhizomes, which comprises a significant part of the

clonal biomass (Szymura and Szymura 2015). Thus,

its over-representation on linear habitats can be

attributed to the vegetative spread along road verges

and unpaved roads. Ineffective long-range dispersal

also explained the limited range of its distribution,

which did not expand considerably since the initial

establishment in Europe (Guzikowa and Maycock

1986; Weber 2001). There were also likely fewer E.

graminifolia introduction sites, compared to the other

species as it is considered less ornamental than S.

altissima and S. gigantea and has been less frequently

used in horticulture (Weber and Schmid 1998; Weber

2001). In Silesia, its propagules were probably trans-

ported accidentally along with ornamental trees into

the local arboretum (Dajdok and Nowak 2007). E.

graminifolia is sporadically reported from open aban-

doned fields and new localities of this species have

been found (Kompała-Bąba and Bąba 2006; Dajdok

and Nowak 2007), suggesting that the species may

overcome the dispersal barrier to invasion (Szymura

and Szymura 2013).

The results suggest differences in ecological niche

of E. graminifolia compared to the Solidago species.

However, the fraction of variability shared by space,

environment and distance in the topsoil model was

high. Thus, the presence of E. graminifolia on more

shaded habitats, on sandy soils with a high C/N ratio

and low content of K and Mg, as well as higher

minimal temperature, cannot unequivocally be con-

sidered as its ecological optima. The observed pattern

could also result from both limited distribution and

priority effects. The potential European range of E.

graminifolia, determined on the basis of its climatic

preferences, is comparable to other goldenrods (We-

ber 2001). In North America, this species occupies

areas with slightly lower temperatures than the areas

occupied by S. altissima and S. gigantea (Weber

2001). In Silesia, we observed an opposite temperature

reaction. However, these differences appear to be

caused mostly by its limited distribution, because E.

graminifolia sites were exclusively within the lowland

part of the region, where the minimal temperatures are

higher than those in highland areas. Moreover, the

differences in soil chemical composition can be

attributed to typical properties of forest soils, on

which E. graminifolia was most commonly found,

while the remaining species often invaded more fertile

post-agricultural lands.

Solidago canadensis

Solidago is known as one of the most complex genera

of higher plants, and its variability has further

increased due to hybridisation, introgression and

ecological factors (Beaudry and Chabot 1957; Beau-

dry 1963; Weber 1997). In the native range, S.

canadensis consists of diploid (2n = 18) and tetra-

ploid plants (2n = 36), while S. altissima consists of

hexaploid (2n = 54), triploid (2n = 27) and tetraploid

(2n = 36) cytotypes (Semple et al. 1981, 1984, 2015).

Both taxa, S. canadensis var. canadensis and S.

altissima, were introduced from North America to

Europe (Wagenitz 1979; Weber 1997). However, in

Europe, the taxonomical status of S. canadensis and S.

altissima is unclear, because both are represented

exclusively by diploids (Weber 2000). These species

can form hybrids in the native range. Hybridisation has
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also been observed in Europe between S. canadensis

s.l. and native S. virgaurea (Pliszko 2013; Migdałek

et al. 2014). Thus, it could be also hypothesised that

the random pattern of S. canadensis distribution,

overlapping extensively with the ranges of S. altissima

and S. gigantea, could be related to the hybrid nature

of this species. However, the populations examined

here were checked for their chromosome number

(Szymura et al. 2015), and the results showed that all

S. canadensis and S. altissima were exclusively

diploids, whereas S. gigantea was tetraploid. These

findings allow us to reject the hypothesis about the

hybrid nature of local S. canadensis. The traits used to

distinguish S. altissima and S. canadensis primarily

refer to the presence or absence of hairs on stems and

leaves as well as leaf epidermis (Weber 1997; Semple

and Cook 2006; Szymura and Wolski 2011). There-

fore, they could not be considered as functional traits,

which influence the fitness and competitiveness of

individuals, and are likely not under natural selection.

S. altissima and S. canadensis did not differ in

functional traits, biomass production and allocation,

as well as ploidy levels (Szymura and Szymura 2013,

2015; Szymura et al. 2015). These findings, in

combination with results of this study, suggest that

all the Solidago plants with more or less hairy stems in

Central Europe may be considered as one complex

species, S. canadensis s.l., without differences in their

ecology and most likely their environmental impact.
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Óvári M, Komoly C, Sutyinszki Z, Szabó G, Csathó AI,
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Lánı́ková D, Chytrý M, Lososová Z (2009) Xerophilous ruderal

vegetation with biennial and perennial species. In: Chytrý
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