
Introduction

Species from genus Solidago are exceptionally successful 
worldwide invaders from North America [1]. Among about 120 
Solidago species three are invaders, which so far have conquered 
Europe, large parts of Asia, Australia and New Zealand [2].

In central Europe five representatives of the Solidago genus 
are found. Only one species (S. virgaurea L.) is native, while the 
other four are of American origin, namely: S. gigantea Aiton, S. 
canadensis L., S. altissima L. [S. canadensis var. scabra (Muhl.) 
Torr. and Gray] and S. graminifolia (L.) Elliot [3]. Three of the 
introduced taxa (S. gigantea, S. canadensis and S. altissima) 
are invasive and morphologically similar to each other. Their 

taxonomic status in Europe has been discussed [3–8]. The range 
of the fourth alien species, S. graminifolia, is small and limited 
to few locations in Europe [9,10].

The basic chromosome number in Solidago species is x = 9. S. 
virgaurea and S. graminifolia are diploids (2n = 18). S. canadensis 
consists of diploid (2n = 18) and tetraploid plants (2n = 36), 
and S. altissima hexaploid (2n = 54), triploid (2n = 27) and 
tetraploid (2n = 36) plants of native origin [11,12]. While in 
Europe only diploid plants of these species are noted [7,13], 
in case of Solidago altissima the occurrence of additional B-
chromosomes was observed [14,15]. Solidago gigantea occurs in 
three different cytotypes: diploid (2n = 18), tetraploid (2n = 36) 
and hexaploid (2n = 54), which represent the whole S. gigantea 
complex in native range and has also been found in Europe 
[16]. However, according to current data [17–19] in Europe 
only tetraploid populations of S. gigantea are known. Therefore, 
based on this variety in chromosome number, considerable 
morphological variety in these taxa could be expected [20]. It 
could also include differentiation in traits related to invasiveness 
as, e.g. stem height or inflorescence size [21].

Several hypotheses focus on the reasons why alien invasive 
plants are more successful than other plants in occupying new 
areas [22–25]. There are numerous confirmations, that plants 
in the new range could differ from their ancestors, including 
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traits ultimately influencing habitat preferences, competitiveness 
and dispersion ability [26–28]. Additionally, the mechanism 
of occupancy of particular areas by the given invasive taxa is 
not clear. It is controlled by two factors: competitiveness or 
dispersion ability. Moreover, it could be reasonable to think, 
that the habitat preferences of taxa could lead to non-random 
occupancy of a wasteland [29–31]. On the other hand the co-
occurrence of Solidago taxa on the same patches of vegetation 
in their native range was observed, where the large aggregation 
of goldenrods occurs on old fields [32].

In Central Europe many countries underwent socio-eco-
nomic transformation from socialist to market economy in 
the 1990s [33,34]. The transformation period resulted in the 
increase of number of large unproductive areas, mostly aban-
doned fields. These areas were especially prone to occupation 
by large stands of goldenrods (Solidago species), as they are 
currently observed in Europe [35–40].

The aim of this study is to answer several questions related 
with the problems concerning ecology of invasion of Solidago 
introduced above. We focused our study on the abandoned 
fields: which Solidago species occurs there most frequently? 
Were these taxa able to create single-species stands or the co-
occurrence of several species was possible? Do soil properties 
and the presence of trees control the occupancy of abandoned 
areas by particular Solidago taxa, as well as influence the life-
history traits connected with invasiveness (height of plants 
and size of inflorescences)? Do the habitat ranges of native S. 
virgaurea overlap with alien Solidago species?

Material and methods

Study area
Fieldwork took place in Silesia (south-western Poland, 

Central Europe) between July and September 2008 and 2009. 
The area of Silesia is ca. 40000 km2.

Seventy-one objects with large stands of goldenrods were 
chosen for the purpose of study, on the abandoned fields (about 

5–10 years with lack of usage, representing Artemisietea vulgaris 
class, 36 plots) and irregularly mowed meadows (belonging 
to Molinio-Arrhenatheretea class, 35 plots). Additionally, four 
objects were located in forests to measure Solidago virgaurea 
species, which often occurs in forests habitats (Fig. 1). Due to 
the processes of secondary succession, on some plots (32%) 
young trees occurred. The altitude range of the studied plots 
ranged from 120 to 700 m a.s.l. 

In the study area the average daily temperature is about 8°C, 
with annual precipitation of about 580 mm in the lowland part 
(130 m a.s.l.). In the mountains, the temperature decreases to 
about 6.5°C, and annual precipitation increases to 1000 mm, at 
an altitude of 600 m a.s.l. Most precipitation takes place during 
the vegetation period.

Study species
The native species for Europe, S. virgaurea, can be easily 

distinguished from alien Solidago species. Among the invasive 
species, S. graminifolia is also easily distinguishable from others, 
on the basis of narrow leaves and flat-topped inflorescences. In 
America, this species is classified as Euthamia graminifolia on the 
basis of anatomy and DNA studies [11,12,32]. However, there are 
discrepancies in taxonomic status of the remaining species, as it 
was mentioned in the “Introduction”. In this paper the species 
have been distinguished as follows: specimens with hairy stems 
and leaves are considered as S. canadensis and S. altissima [41,42]. 
S. canadensis has glabrous or sparsely hairy mid to proximal 
part of stems and leaves narrowly ovate-lanceolate, with abaxial 
faces glabrous or more commonly hairy along main nerves, 
adaxial glabrous or slightly scabrous and margins serrate or 
serrulate (teeth 3–8). Whereas S. altissima has moderately hairy 
mid to proximal part of stems and leaves oblanceolate, with 
adaxial faces scabrous, abaxial moderately strigillose, densely 
villoso-strigillose along nerves and margins finely serrated 
[teeth 0–6(–14)], distally becoming entire or remotely serru-
lated. Plants, morphologically similar to S. altissima but with 
glabrous, purplish, covered with wax stems, as well as leaves 
glabrous both on abaxial and adaxial sides, are considered as 
S. gigantea [1,32].

Fig. 1 Location of the study area and the analyzed objects. Abbreviations of species names: S.gig – Solidago gigantea; S.virg. – S. virgaurea; 
S.alt. – S. altissima; S.gram. – S. graminifolia; S.can. – S. canadensis.
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Field methods
In each object one 100 m2 square plot was selected; on each of 

the plots a phytosociological relevé was made according to the 
Braun-Blanquet method [43]. The nomenclature of plant names 
was given according to Mirek et al. [44], with the exception of 
Solidago altissima and S. canadensis, names of which in nar-
row sense were given according to Rutkowski [42]. All relevés 
analysed in this paper, with their geographical references and 
soil properties are stored in the Polish Vegetation Database [45]. 
When the percentage cover of canopy trees exceeded 10% we 
qualified the given plot as overshaded (canopy). Additionally, 
ten of the largest ramets of each Solidago species in each plot 
were measured in order to determine the height of plants, as 
well as the length and width of inflorescences.

The highest plants were selected in order to compare their 
maximal size at the given site. Bearing in mind the fact, that 
inside one plot there could be present more than one Solidago 
species, we measured in total: Solidago gigantea N = 430 ra-
mets, S. virgaurea N = 250, S. altissima N = 310, S. graminifolia 
N = 120, S. canadensis N = 70 ramets.

A soil sample from the upper 20 cm was taken and analyzed 
for: soil texture, pH, percentage of organic matter (OM) as well 
as total nitrogen (N), nitrate (NO3), phosphorus (P), potassium 
(K) and calcium (Ca) content. The soil texture was analyzed 
by the laser diffraction method. The percentage content of 
sand (particle diameter 1–0.1 mm), silt (0.1–0.02 mm) and 
clay (<0.02 mm) was calculated. Percentage of organic carbon 
was used as a proxy of content of organic matter (OM), the 
content of C was determined by the titration method. N was 
determined by the Kjehdal method, nitrate was extracted in 
potassium sulphate and measured in spectrophotometer. K 
and P were extracted from calcium lactate. The content of 
these elements was then measured in spectrophotometer (P), 
or flame photometer (K). Ca was extracted from acetic acid and 
determined in atomic emission spectrophotometer.

Statistical methods
The compositional variation of vegetation and its relation to 

environmental traits were analyzed by the multivariate ordina-
tion methods: detrended correspondence analysis (DCA) and 
canonical correspondence analysis (CCA). The significance of 
environmental variables on species composition was analyzed by 
forward selection, with α = 0.05, using Monte Carlo procedures. 
To reveal the significance of pair-wise relationships between 
Solidago taxa and environmental variables, the t-value biplot 
method was used [46]. The significance of differences between 
species, as well as plots in terms of morphological traits and soil 
properties were checked by the Kruskal–Wallis non-parametric 
ANOVA, with multiple comparisons of medians as the post 
hoc test. The significance of differences in plant height and 
inflorescence size between open plots and those shaded by trees 
was checked by the Kolmogorov–Smirnov test. The significance 
of correlations between plant morphology and soil parameters 
was assessed by Spearman rank correlations.

Results

Within the investigated objects, the most common species 
was S. gigantea (present in 36 plots), followed by S. virgaurea 
(22), S. altissima (21), S. graminifolia (9) and the rarest, S. ca-
nadensis (4 plots). Goldenrods, in most cases (81.4% of plots) 
created single-species stands. The occurrence of two species 

(mostly S. gigantea with S. altissima) in one plot was rare 
(14.6% of plots), whereas three Solidago species (S. gigantea, S. 
altissima and S. canadensis twice, and S. gigantea, S. altissima 
and S. virgaurea once) co-occurred only in three plots (4%). 
The number of occurrences of particular Solidago species 
combinations is shown in Fig. 2.

In the investigated stands soils are mostly regosols, with 
acidic to neutral reaction, low content of calcium, nitrogen, 
nitrate, phosphorus, potassium, organic matter compared with 
the average values of the soils of meadows on area of Lower 
Silesia (Fig. 3, Fig. 4).

The sum of eigenvalues obtained in the ordination analyses 
(DCA and CCA) was 8.08. The results of the DCA revealed, that 
four axes explained 20.9% of the total species variance, includ-
ing 8.6% and 4.4% explained by the first and the second axes, 
respectively. The ordination (Fig. 5) has clearly distinguished 
plots with S. virgaurea, grouped on the right wing of the diagram 
together with typical forest and acidophilus species [Vaccinium 
myrtillus L., Oxalis acetosella L., Maianthemum bifolium (L.) F. 
W. Schmidt, Anemone nemorosa L. and Hieracium murorum 
L.], which were different from the alien Solidago species. The 
second axis seemed to reflect humidity, as could be derived 
from species composition. S. gigantea was placed closer to 
species typical for moist habitats (Urtica dioica L., Poa palustris 
L., Phalaris arundinacea L.). S. altissima and S. canadensis 
co-occurred mostly with ruderal species [Cirsium arvense (L.) 
Scop., Tanacetum vulgare L., Artemisia vulgaris L.], whereas S. 
graminifolia was placed close to fresh meadow species (Achillea 
millefolium L., Ranunculus acris L., Rumex acetosella L., Holcus 
lanatus L., Festuca rubra L.]. The results of the CCA explained 
13.6% of the variability in species composition, including 7.3% 
explained by the first axis and 2.7% by the second. The first, as 
well as all ordination axes were significant. The first axis was 
mostly correlated with altitude, the presence of canopy and OM, 
while the second was associated with K and also with the canopy 
(ordination diagram is not shown). The ordination of species 
along the first axis again emphasized the difference between 
plots with native Solidago virgaurea, grouped on the right wing 
of the ordination diagram and alien Solidago species, gener-
ally placed in the center of plot. However, no environmental 
variables were significantly related to particular Solidago taxa, 
with the exception of S. virgaurea related to altitude.

Fig. 2 Number of occurrences of particular combinations of Solidago 
species in studied objects.
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Fig. 3 The distribution of the measured chemical soil parameters. The vertical axes present the number of plots (N). The horizontal axes pres-
ent: pH value, content of calcium (Ca) nitrogen (N), nitrate (NO3), phosphorus (P), potassium (K) and organic matter (OM).

Fig. 4 The distribution of different classes of soil texture. The vertical axes present the number of plots (N). The horizontal axes present: 
percentage of particles with size of 1.0–0.1 (sand), 0.1–0.02 (silt), <0.02 (clay).
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In subsequent analysis the plots, where Solidago virgaurea 
was the only Solidago species were excluded. Thus we obtained 
a subset of data, where plots with alien Solidago species were 
compared, and S. virgaurea occurred as an admixture. The 
CCA explained 12.9% of the variance. The first axis explained 
5%, the second 3.1% and the third 2.6% of the species variance; 
both the first, as well as all canonical axes were statistically 
significant. As it is presented in Fig. 6, the environmental 
variable could explain the general variability in species com-
position: the first axis was correlated with altitude, the second 
with OM and canopy, and the third with P. However, none of 
the environmental variables were associated with a particular 
alien Solidago species. Additionally, it should be emphasized 
that S. graminifolia was placed exactly between other alien 
Solidago species in the ordination (Fig. 6). The distribution of 
S. graminifolia is very limited, but inside this range it is able to 
occupy different habitats.

Particular species differed in the height of the ramets and 
inflorescence size, but the exception was lack of difference 
between S. altissima and S. canadensis (Fig. 7). These two spe-
cies were the tallest and their inflorescences were the biggest. S. 
gigantea had medium height and size of inflorescence. Within 
the two shortest taxa, S. graminifolia was more uniform – the 
height of ramets and the size of inflorescences were similar in 
the all investigated plots. S. virgaurea represents the biggest 
variety of the investigated traits.

The environmental traits affect Solidago morphology. We 
found positive correlations between the height of S. gigantea and 
OM and NO3 and S. altissima and Ca and K, as well as between 
inflorescence length of S. gigantea and NO3, S. altissima and pH 
and K, S. graminifolia and OM. The inflorescence width of S. 
altissima was correlated with Ca, pH and K. Additionally, the 
height and inflorescence length of S. virgaurea decreased with 
altitude (detailed results of the tests not shown).

Fig. 5 The species ordination plot of the DCA. The small letters in parentheses indicate the layer of vegetation: a – tree layer, b – scrub layer; 
species from herb layer are not assigned. Only species with a species fit value above 10% are shown. The abbreviations of the species names are 
based on the first three letters of the genus and species name [a list of full names of the included species: Acer platanoides L., Acer pseudoplatanus 
L., Achillea millefolium L., Anemone nemorosa L., Anthriscus sylvestris (L.) Hoffm., Artemisia vulgaris L., Ballota nigra L., Betula pendula Roth, 
Calamagrostis villosa (Chaix) J. F. Gmel., Calystegia sepium (L.) R. Br., Campanula patula L., Cerastium arvense L., Cirsium arvense (L.) Scop., 
Deschampsia flexuosa (L.) Trin., Dryopteris filix-mas (L.) Schott, Echium vulgare L., Elymus repens (L.) Gould, Equisetum arvense L., Euonymus 
europaea L., Fagus sylvatica L., Festuca altissima All., Festuca arundinacea Schreb., Festuca ovina L., Festuca rubra L., Filipendula ulmaria (L.) 
Maxim., Fragaria vesca L., Galium aparine L., Geranium pratense L., Geum urbanum L., Hieracium murorum L., Hieracium pilosella L., Holcus 
lanatus L., Humulus lupulus L., Impatiens parviflora DC., Knautia arvensis (L.) J. M. Coult., Lotus corniculatus L., Luzula camprestis (L.) DC., 
Luzula luzuloides (Lam.) Dandy & Wilmott, Lycopus europaeus L., Lysimachia vulgaris L., Maianthemum bifolium (L.) F. W. Schmidt, Medicago 
lupulina L., Medicago sativa L., Melampyrum sylvaticum L., Melandrium album (Mill.) Garcke, Mentha arvensis L., Mycelis muralis (L.) Dumort., 
Myosotis arvensis (L.) Hill, Oxalis acetosella L., Padus serotina (Ehrh.) Borkh., Phalaris arundinacea L., Phleum pratense L., Picea abies (L.) H. 
Karst., Plantago lanceolata L., Poa nemoralis L., Poa palustris L., Poa pratensis L., Populus tremula L., Potentilla reptans L., Prenantes purpurea 
L., Ranunculus acris L., Rubus sp., Rumex acetosella L., Sedum acre L., Senecio ovatus (P. Gaertn., B. Mey. & Scherb.) Willd., Senecio jacobaea L., 
Solidago altissima L., Solidago canadensis L., Solidago gigantea Aiton, Solidago graminifolia (L.) Elliott, Solidago virgaurea L., Sorbus aucuparia 
L. emend. Hedl., Stellaria graminea L., Symphytum officinale L., Tanacetum vulgare L., Tragopogon pratensis L., Urtica dioica L., Vaccinium 
myrtillus L., Veronica officinalis L., Vicia sepium L., Vicia tetrasperma (L.) Schreb., Viola arvensis Murray, Viola tricolor L.]. 
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Ramets of S. virgaurea, growing under canopy trees, were 
shorter (the average height on open plots was 89.9 cm while 
under canopies 60.7 cm, P = 0.025) and produced smaller inflo-
rescences compared to those in open sites (the average length of 
inflorescences on open plots was 39.0 cm, but under the canopy 
22.1 cm, P = 0.01). The inflorescence size of S. gigantea under 
the canopy was also smaller, compared to those on open sites 
(the average length of inflorescences on open sites was 23.7 cm, 
whereas under the canopy this was 18.9 cm, P = 0.042). The 
measured traits of another species did not differ significantly 
between plants growing under canopy and open areas.

Discussion

It is known, that Solidago species: S. altissima, S. canadensis, 
S. gigantea and S. graminifolia often co-occur in old fields 
within their native range [32]. The results of our study show, 
that in most cases in the invasive range, goldenrods create 
single species stands. We think, that species which reach the 
new suitable habitats as first, create a dense stand, which does 
not allow for the establishment of another species. It could be 
assumed, that it is an effect of strong expansiveness due to the 
lack of natural enemies in the new range because natural pests 
were not transported from native range. Moreover, at a new 
range no local insects feed on goldenrods. The field observations 
from western part of Central Europe confirm, that introduced 
plants of Solidago gigantea are larger and create denser stands 
than in their native range [47]. The authors [47] explain it by 
the evolution of increased competitive ability hypothesis [48], 

namely there is a trade-off between investment into defense 
against herbivores and pathogens, and investment into stronger 
competitive ability.

The separation of the species cannot be explained by soil 
texture, pH or nutrient content. Such a lack of differentiation 
has been observed in other parts of Europe [8,49,50]. Several 
studies from America have also confirmed a lack of differences 
with respect to these soil parameters between Solidago taxa, 
which are invaders in Europe [51,52], particularly S. altissima 
and S. gigantea. However, when the small-scale distribution 
was considered, populations of Solidago gigantea tended to 
attain their greatest abundances on moist soils, while those of 
S. altissima tended to be more dense on intermediate-moisture-
level soils [32]. Additionally, S. graminifolia achieved its highest 
abundance on acidic soils [32]. On the other hand, results of 
this study show, that differences in the height of ramets and 
inflorescence size can be related to soil parameters and over-
shading by trees.

Plant height and inflorescence size, as morphological traits 
are directly connected with competitiveness and reproduction, 
and considered to be useful in assessing invasive potential of 
the species [53–55]. The results of our study show, that differ-
ent Solidago species revealed different potential invasiveness 
expressed by morphological traits. The large inflorescences, 
placed high above the ground, should theoretically result in 
a stronger reproductive effect [56–58] in case of plants with 
wind-dispersed seeds. However, in our study, the most widely 
distributed species, S. gigantea, had a medium inflorescence size 
and ramet height. In case of these species, where the ratio of the 
mass of inflorescences to the whole plant mass was higher than 

Fig. 6 The species-environmental variable biplot of CCA plots (the plots where S. virgaurea was the only Solidago species were excluded). 
The abbreviations of the species names are based on the first three letters of the genus and species name (for a list of full names of the included 
species see Fig. 5). Only species with a species fit value above 10% were shown, all species visible on graph belong to herb layer. The significant 
environmental variables are shown as black arrows.
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in other species, it can be an advantage for the establishment 
of new sites. [32,49]. Moreover, S. gigantea has long rhizomes, 
fragments of which can be easily transported by river currents, 
which allows for rapid infestation, whereas S. altissima, which 
occupies drier habitats, has compact and shorter rhizomes, 
which may constrain their colonization rate [8,59]. Therefore, 
the effect of inflorescence size could be changed by another, 
related to dispersal, traits.

Overshading by trees diminishes inflorescence size of Soli-
dago virgaurea and S. gigantea. The comparison of this trait 
was possible, because these species occurred on both open 
and overshadowed habitats. As it was stated above, the size 
of inflorescence is a life-history trait [47,60], considered as 
important in the colonization success. Therefore overshading 
could be discussed as a method of limiting the invasive Solidago 
species spreading.

Little is known about the ecology of S. graminifolia in Europe, 
as this species is restricted to a few widely separated sites. The 
life-history traits of S. graminifolia are different from those of the 
other two species, with a shorter stem and smaller inflorescences 
implying lower seed dispersal ability. One hypothesis concerning 
the issue of the limited range of S. graminifolia in Europe, is that 
this species is either lag phase or its spread is limited by factors 
other than climate [9]. The results of this study suggest, that soil 
properties do not limit its distribution. The recently observed 

rapid increase in its range, in south-western Poland (Z. Dajdok 
and B. Tokarska-Guzik personal communication 2010), as well 
as the variety of habitats occupied by S. graminifolia, suggest 
that this species could become a strong invader.

The only native Solidago species in Europe, S. virgaurea, 
is a weaker competitor than the American species, what 
has been confirmed by morphological traits (short plants 
with small inflorescences). The habitats of S. virgaurea do 
not overlap with alien species. In comparison with the ex-
otic taxa, it could be considered as a stress-tolerant species, 
which allows it to grow in the shade in forests and nutrient 
poor mountain meadows.

As it was stated previously, the taxonomical status of Soli-
dago species, currently occurring in Europe, is still discussed. 
Particularly, the taxonomical status of S. canadensis and S. 
altissima is unclear. Some morphological traits [49,53,61] allow 
for distinguishing these two taxa, while on the other hand, the 
morphological variations reveal, that all the plants with pubes-
cent stems in Europe belong to S. altissima [13]. The results of 
our study confirm the similarities between these two taxa, with 
respect to both morphological traits and soil preferences, but 
the differences of leaf hair and shapes are noticeable on field 
observations. Therefore, taxonomical status of the taxa requires 
more detailed study, in particular, analysis of chromosome 
numbers and indirect indicators of ploidy level.

Fig. 7 Mean, standard deviation, minimum and maximum values of shoot height (1), inflorescence’s length (2) and width (3) of the investigated 
Solidago taxa. The species marked by different small letters (a–d) differ significantly. Ten highest ramets of each species on every studied plot 
were measured (Solidago gigantea N = 430, S. virgaurea N = 250, S. altissima N = 310, S. graminifolia N = 120, S. canadensis N = 70).
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 Conclusions 

The environmental variables affect significantly the overall 
species composition, but we do not find niche differentiation 
among invasive Solidago species. Especially the habitat prefer-
ences of S. graminifolia, species with limited range, do not differ 
from another alien Solidago. The soil conditions (soil texture, pH 
and nutrient content) were not a good predictor of occurrence 
of particular Solidago taxa.

The soil properties influenced significantly Solidago species 
height and inflorescence size. The height of ramets is correlated 
with content of organic matter (OM), NO3, Ca and K in case of 
Solidago gigantea and S. altissima, while the inflorescence size 
with OM, NO3, pH, Ca and K in case of S. gigantea, S. altissima 
and S. graminifolia.

Overshading by trees diminishes inflorescence size of Soli-
dago virgaurea and S. gigantea, the species, which occurred 
more often on both open and overshadowed habitats.

The native species, S. virgaurea, occupies other environmen-
tal niche than the alien ones, e.g. shadow forests and mountain 
meadows. The morphological traits of the native goldenrod 
suggest its lower competitive ability, when compared to alien 
Solidago species.

Morphological traits (height of ramets and inflorescence 
size) of two similar species S. canadensis and S. altissima, do 
not differ significantly. The analysis of chromosome numbers 
and DNA content should be useful to establish the taxonomic 
status of these taxa.
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