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Abstract
Spontaneous hybrids between alien and native plant species are alien taxa and they threaten native biodi-
versity due to their high competitive ability or introgression. Thus, we tested the effect of soil conditions, 
elevation and type of ramet clusters (clonal clumps of shoots) on sexual and asexual ramets of Solidago 
×niederederi, a hybrid between the invasive alien S. canadensis and the native S. virgaurea. We also tested the 
relationships between the size of sexual ramets and habitat conditions in the hybrid and its parental species, 
based on ten sites in NE and S Poland, respectively. The hybrid and its parental species occurred on min-
eral soils with a wide range of textures (sand, loamy sand, sandy loam, silty loam and loam) and pH (from 
strongly acidic to slightly alkaline). Sexual ramet clusters dominated in S. ×niederederi populations, while the 
total number of ramets was highest in mixed ramet clusters. The cluster × site interaction had a significant 
effect on the length and biomass of sexual ramets in hybrid populations. Moreover, we found a significant 
effect of the taxon × site interaction in the case of biomass of sexual ramets and synflorescences (capitula 
arranged in panicles). Based on the biomass of sexual shoots and synflorescences, the competitive abilities of 
the hybrid may be more or less similar to S. canadensis or S. virgaurea albeit depending on site conditions.
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Introduction

Hybridisation between alien and native plant species is well documented worldwide 
and it is understood as a mechanism of both biological invasion and biotic homogeni-
sation (Vilà et al. 2000; Daehler and Carino 2001; Vallejo-Marín and Hiscock 2016). 
Plant hybrids of alien-native origin have to be treated as alien taxa (Pyšek et al. 2004), 
while their impact on native species and ecosystems varies (Volery et al. 2020). Gener-
ally, short-lived and sterile hybrids are not harmful, even if they arise frequently in the 
wild (Pliszko and Kostrakiewicz-Gierałt 2018b), whereas vigorous and fertile hybrids 
can cause losses of native species with negative effects on ecosystem functions (Daehler 
and Strong 1997; Ayres et al. 2004).

The ability of alien-native hybrids to produce relatively high biomass indicates 
their competitiveness, as well as invasive potential (Li et al. 2016). However, biomass 
production in plant hybrids depends on both genetic and environmental factors. Some 
hybrids between closely-related species are superior to their parents in terms of bio-
mass, growth rate, viability and disease resistance (Wu et al. 2021), while other hybrids 
have reduced performance due to genetic incompatibility. Some hybrids show reduced 
root formation, impaired nutrient absorption, lower shoot biomass and unsuccessful 
reproduction (Chen et al. 2013; Calvo-Baltanás et al. 2021). The most important abi-
otic factors influencing plant growth are soil moisture and soil nutrient availability, as 
well as soil and air temperature, precipitation, photoperiod and solar radiation (Chatz-
istathis and Therios 2013; Upadhyay et al. 2022). Determining the environmental fac-
tors that enhance the biomass production of alien-native hybrids may help to delineate 
the habitats that are most vulnerable to their establishment and invasion, as well as in 
developing methods for controlling invasive hybrids.

Solidago ×niederederi Khek (Asteraceae), a natural hybrid between North Ameri-
can S. canadensis L. and European S. virgaurea L., is one of the most frequently-noted 
alien-native hybrids in Europe in recent years (Pliszko and Zalewska-Gałosz 2016; 
Skokanová et al. 2020, 2022). The biomass production of S. ×niederederi as well as the 
influence of environmental conditions on morphological features and clonal structure 
of the hybrid (sexual and asexual ramets) have not been studied so far. Interestingly, 
Karpavičienė and Radušienė (2016) documented that the chemical composition of the 
soil (pH and the content of organic C, P2O5 and potassium) had no significant effect 
on maximal stem height and plant cover variation amongst the hybrid and parental 
species populations in Lithuania. Moreover, Baranová et al. (2022) demonstrated that 
the height and biomass of shoots of S. canadensis were higher in the stands with a heavy 
degree of its invasion (abundance > 50%), showing a self-growth-reinforcing feedback. 
Similarly, Karpavičienė and Radušienė (2016) found a positive correlation between 
ramet height and stand cover in S. canadensis and S. gigantea, but not in S. ×niederederi.

We: (i) investigated the effect of site conditions and types of clonal clusters (clumps 
of sexual and asexual ramets) on the length and biomass of shoots and synflorescences 
(capitula arranged in panicles) in populations of S. ×niederederi occurring in two dif-
ferent regions of Poland, (ii) tested the hypothesis that the length and biomass of 
ramets and synflorescences increase with the number of ramets in the clusters of the 
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hybrid and (iii) determined the competitive ability of the hybrid against its parental 
species, based on the length and biomass of sexual ramets and synflorescences concern-
ing habitat conditions.

Methods

Study species

Solidago ×niederederi is a perennial plant forming small clonal clusters of ramets 
(clumps of shoots) similar to S. virgaurea, but with a greater number of shoots. The 
phenotype is intermediate between S. canadensis and S. virgaurea (Fig. 1), especially in 
shoot height, synflorescence size and shape, involucre size and leaf shape and venation 
(Nilsson 1976; Gudžinskas and Žalneravičius 2016). The seeds are easily dispersed by 
wind and show high germination (Pliszko and Kostrakiewicz-Gierałt 2017). However, 
the number of well-developed fruits (with viable seeds) is usually low, partially due to 
reduced pollen viability (Migdałek et al. 2014). Vegetative reproduction is rather limit-
ed due to a lack of long rhizomes and may happen by detachment of resting buds from 
the basal parts of the shoots (Pliszko and Kostrakiewicz-Gierałt 2017). Interestingly, 
the hybrid forms three types of clonal ramet clusters, i.e. sexual, mixed and asexual 
clusters. The sexual clusters consist of shoots that produce synflorescences, whereas 
the asexual clusters do not produce synflorescences (Fig. 1). The mixed clusters consist 
of both sexual and asexual shoots. Moreover, the asexual shoots have a characteristic 
rosette-like clustering of leaves at the top (Gudžinskas and Žalneravičius 2016) and are 
noticeably shorter than sexual shoots (Pliszko and Kostrakiewicz-Gierałt 2019).

Figure 1. Selected morphological features of Solidago ×niederederi and its parental species A synflorescences 
(capitula arranged in panicle) of S. canadensis (left), S. ×niederederi (middle) and S. virgaurea (right) B asex-
ual ramet of S. ×niederederi C cluster of sexual ramets of S. ×niederederi. Photographed by Artur Pliszko.
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Study area and sampling

Field surveys were conducted in Poland (Central Europe) during the flowering period 
of Solidago ×niederederi and its parental species, in August and September 2020. A to-
tal of 20 sites in two regions in Poland with different climatic conditions and elevation 
were selected: ten in the north-eastern (NE) and ten in the southern (S) part of Poland 
(Fig. 2, Suppl. material 1: table S1). The GPS coordinates and elevation of the study 
sites were determined using a Garmin GPSmap 62st. The sites were located in lowland 
(NE) and lowland-upland (S) areas of Poland, in the temperate climate zone, showing a 
higher average annual air temperature and higher average annual precipitation in S Po-
land than in the NE region. For example, in Kraków (S Poland), the average annual air 
temperature and annual precipitation were 8.9 °C and 673 mm, respectively, whereas 
in Suwałki (NE Poland), these parameters reached 7.2 °C and 607.1 mm, respectively, 
in 1991–2020 (https://klimat.imgw.pl/pl/climate-normals). Moreover, the elevation 

Figure 2. Localisation of study sites of Solidago ×niederederi and its parental species in Poland. Abbrevia-
tions are explained in Suppl. material 1: table S1.

https://klimat.imgw.pl/pl/climate-normals
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was significantly higher in the S sites than in NE ones (U = 0.00; p < 0.001). The sites 
were mainly occupied by semi-natural and anthropogenic vegetation, showing a high 
light availability, except the site MOZ which was moderately shaded. In each study 
site, the hybrid grew together with both parental species and all three taxa were identi-
fied, based on morphological features provided by Nilsson (1976) and Gudžinskas and 
Žalneravičius (2016).

In each study site, the following types of sampling were performed: (1) ten sexual 
ramets (flowering shoots) of each taxon (the hybrid and its parental species) were ran-
domly selected for comparative biometric study, (2) all clonal clusters of shoots of the 
hybrid were investigated for structure and biometric study and (3) five soil samples 
were randomly selected for physicochemical soil study. In each case, the area of sam-
pling was about 0.5 ha. The comparative biometric study included field measurements 
of the length and biomass of the shoots and synflorescences (fresh material). The struc-
ture and biometric study of the hybrid included field measurements of the length and 
biomass of the shoots (fresh material) in sexual, mixed and asexual ramet clusters, the 
length and biomass of the synflorescences (fresh material) in sexual and mixed ramet 
clusters, as well as the number of shoots within the ramet clusters. The length of the 
shoot (ramet) was measured from the basal part to the top, whereas the length of the 
synflorescence was measured from the base of the lowest secondary branch with devel-
oped capitula to the top. The biomass was measured using a field scale with an accuracy 
of 0.05 g. The soil samples (each of about 0.5 kg) were collected from the top of the 
soil (up to 10 cm depth), using a field soil spatula and plastic bags.

Soil analyses

The soil samples were air-dried at room temperature and sieved using a 2-mm sieve. 
The analyses included the soil texture, pH, content of organic carbon, total nitrogen 
and available phosphorus (P2O5). The granulometric composition was determined us-
ing the areometric method of Bouycous and Cassagrande as modified by Prószyński 
(Polish Standard 1998). The pH of the soil was determined using the potentiometric 
method in 1M KCl. The content of organic carbon was determined, based on the Ti-
urin method, total nitrogen based on the Kjeldahl method and available phosphorus 
based on the Egner-Rhiem method (Ostrowska et al. 1991).

Statistical analyses

The Mann-Whitney U test was applied to test the statistical significance of differences 
in elevation between the NE and S sites. The Student T-test was calculated to test 
differences in soil pH, P2O5, carbon and nitrogen between the NE and S sites. The 
interactive chi-square calculator (Preacher 2001) was used to check the statistical sig-
nificance of differences in the content of sand, silt and clay in soil between the NE and 
S sites. The mixed linear model was used to test the statistical significance of differences 
in: (i) number of sexual, asexual and mixed ramet clusters, (ii) number of ramets in 
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sexual, asexual and mixed ramet clusters, (iii) number of sexual ramets in sexual and 
mixed clusters, (iv) number of asexual ramets in asexual and mixed clusters, (v) length 
and biomass of sexual ramets in sexual and mixed clusters, (vi) length and biomass of 
asexual ramets in asexual and mixed clusters and (vii) length and biomass of synflo-
rescences in sexual and mixed clusters between the NE and S sites of S. ×niederederi. 
In this model, the number, the length and the biomass of ramets, as well as the length 
and biomass of synflorescences, were dependent variables, whereas the type of cluster 
(defined as a fixed factor) and the site (defined as a random factor) were explanatory 
variables. For statistical significance, a Tukey test was applied.

A mixed linear model was used to test the statistical significance of differences in 
the length and biomass of sexual ramets and synflorescences between the NE and S 
sites of the hybrid and its parental species. In this case, the biomass and the length of 
sexual ramets and synflorescences were dependent variables, whereas the taxon (de-
fined as a fixed factor) and the site (defined as a random factor) were explanatory 
variables. Moreover, the Spearman coefficient (p ≤ 0.05) was used to test the occur-
rence of correlations between ramet features and abiotic conditions in populations of 
S. ×niederederi and its parental species. All statistical analyses were performed using 
STATISTICA 13.3.

Results

Soil conditions of study sites

The soils were represented by loamy sand, sand, sandy loam, silty loam and loam (Sup-
pl. material 1: table S2). The share of sand in the soil was significantly higher in NE sites 
than in S sites, whereas the share of silt and clay in the soil was significantly higher in S 
sites than in NE sites (χ2 = 6.08, p ≤ 0.05). The soil pH (from strongly acidic to slightly 
alkaline) was significantly higher in NE sites than in S sites (T = 5.73, p < 0.001). 
Moreover, the content of P2O5, C and N in the soil was significantly higher in NE sites 
than in S sites (T = 9.19, p < 0.001; T = 1.98, p ≤ 0.05; T = 2.53, p ≤ 0.05, respectively).

Structure of ramet clusters in Solidago ×niederederi

The mean number of clusters and ramets in hybrid populations is presented in Table 1. 
In NE and S sites, the number of sexual clusters was higher than the number of mixed 
and asexual clusters (F = 44.32, p > 0.02). Moreover, a significant cluster × site inter-
action on the number of ramets was noticed (F = 4.14, p > 0.02). There was also a 
significant difference between the highest number of ramets observed in mixed clusters 
in NE sites and other types of clusters, excluding sexual clusters in NE sites (p = 0.86). 
However, the number of sexual ramets in sexual and mixed clusters, as well as the 
number of asexual ramets in asexual and mixed clusters, did not differ significantly in 
both NE and S sites.
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Structure of ramet clusters and abiotic conditions in Solidago ×niederederi

In NE sites, the number of ramets in mixed clusters was positively correlated with 
share of sand (rs = 0.65) and negatively correlated with the share of silt (rs = -0.65). 
Moreover, the number of sexual ramets in mixed clusters was positively correlated with 
the proportion of sand (rs = 0.67) and negatively with the proportion of silt (rs = -0.68).

In S sites, the number of sexual clusters was positively correlated with eleva-
tion (rs = 0.71), the number of mixed clusters was positively correlated with soil pH 
(rs = 0.69) and the number of asexual clusters was negatively correlated with elevation 
(rs = -0.72) and positively with soil pH (rs = 0.77). The number of ramets in mixed 
clusters was positively correlated with soil pH (rs = 0.66) and the number of ramets in 
asexual clusters was negatively correlated with altitude (rs = -0.81) and positively with 
soil pH (rs = 0.75). The total number of asexual ramets was positively correlated with 
soil pH (rs = 0.81). The number of asexual ramets in mixed clusters was positively cor-
related with soil pH (rs = 0.72) and the number of asexual ramets in asexual clusters was 
negatively correlated with elevation (rs = -0.81) and positively with soil pH (rs = 0.75).

Ramet size and structure of ramet clusters in Solidago ×niederederi

The cluster × site interaction had a significant effect on the length (F = 49.28, p < 0.001) 
and biomass (F = 5.10, p > 0.02) of sexual ramets. The significantly highest values of 
length and biomass of sexual ramets were achieved by sexual clusters in S sites and the 
lowest biomass of sexual ramets was found in mixed clusters in NE sites (Figs 3, 4). The 
Tukey test confirmed that the length and biomass of sexual ramets in sexual clusters in 
S sites differed significantly (p < 0.001) from those of sexual clusters in NE sites, as well 
as from those of mixed clusters in both groups of sites. The significant effect of the site 
on the length of asexual ramets was also noticed (F = 11.08, p < 0.001). In both mixed 
and asexual clusters, significantly longer asexual ramets were observed in S sites (Fig. 3). 
However, the biomass of asexual ramets was similar in mixed and asexual clusters in 

Table 1. Differences in the number of clusters and ramets (mean ± SD) in populations of Solidago 
×niederederi in north-eastern (NE) and southern (S) regions in Poland. Asterisk indicates the statistical 
significance level (mixed linear model) of p ≤ 0.05, ns indicates not significant. The different letters in the 
superscript indicate the statistical differences (Tukey test).

Type of cluster Region Number of clusters Number of ramets Number of sexual ramets Number of asexual ramets
sexual NE 14.4 (±9.0)abc 51.4 (±29.6)abcde 51.4 (±29.6) -

S 12.6 (±6.2)abce 36.9 (±21.3)abdef 36.9 (±21.3) -
mixed NE 9.4 (±6.0)abcdef 84.8 (±48.9)ac 54.0 (±30.3) 30.8 (±20.6)

S 4.6 (±4.1)cdef 26.8 (±28.2)abdef 15.7 (±15.2) 11.1 (±15.4)
asexual NE 5.2 (±4.0)bcdef 15.5 (±19.2) abdef - 15.5 (±19.2)

S 2.1 (±3.4)cdef 4.1 (±5.3)bdef - 4.1 (±5.3)
The statistical 
significance level

Fcluster = 44.3* Fcluster = 3.4ns Fcluster = 0.6ns Fcluster = 7.2ns

Fregion = 13.9ns Fregion = 3.4ns Fregion = 4.9ns Fregion = 14.0ns

F cluster × region = 0.3ns F cluster × region = 4.1* F cluster × region = 2.3ns F cluster × region = 0.6ns
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both NE and S sites (Fig. 4) and the cluster × site interaction was not found. Moreover, 
the differences in the length and biomass of synflorescences between NE and S sites, as 
well as between sexual and mixed clusters (Fig. 5), were statistically insignificant.

In NE sites, the length of asexual ramets was negatively correlated with the total 
number of ramets in mixed clusters (rs = -0.68), as well as with the number of asexual 

Figure 3. Differences in the length of sexual and asexual ramets between sexual, mixed and asexual 
clusters in north-eastern (NE) and southern (S) populations of Solidago ×niederederi in Poland. Asterisks 
indicate the statistical significance level (mixed linear model): * p ≤ 0.05, *** p < 0.001, ns – not signifi-
cant. The different letters above the boxes mean the statistical differences (Tukey test).
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ramets in mixed clusters (rs = -0.73). In S sites, the length of sexual ramets was nega-
tively correlated with the number of sexual ramets in mixed clusters (rs = -0.67) and the 
biomass of sexual ramets was negatively correlated with the total number of ramets in 

Figure 4. Differences in the biomass of sexual and asexual ramets between sexual, mixed and asexual 
clusters in north-eastern (NE) and southern (S) populations of Solidago ×niederederi in Poland. Asterisk 
indicates the level of statistical significant p ≤ 0.05, ns– not significant. The different letters above the 
boxes mean the statistical differences (Tukey test).
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mixed clusters (rs = -0.65), as well as with the number of sexual ramets in mixed clus-
ters (rs = -0.74). Moreover, the correlation between the length of synflorescences and 
the number of sexual ramets in sexual and mixed clusters was insignificant in NE and 
S sites. Similarly, there was no significant correlation between the biomass of synflo-
rescences and the number of sexual ramets in sexual and mixed clusters in both groups 
of populations. Given this, our hypothesis that the length and biomass of ramets and 
synflorescences increase with the number of ramets in the clusters should be rejected.

Figure 5. Differences in the length and biomass of synflorescences between sexual and mixed clusters in north-
eastern (NE) and southern (S) populations of Solidago ×niederederi in Poland. ns indicates not significant.
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Ramet size and abiotic conditions in Solidago ×niederederi

In NE sites, the biomass of sexual ramets in mixed clusters was negatively correlated with 
soil pH (rs = -0.79), the length of asexual ramets in mixed clusters was positively correlated 
with the share of sand (rs = 0.70) and negatively correlated with the share of silt (rs = -0.71). 
Moreover, the biomass of asexual ramets in mixed clusters was negatively correlated with 
soil pH (rs = -0.63), the length of synflorescences in mixed clusters was negatively correlated 
with soil pH (rs = -0.73) and the biomass of synflorescences in mixed clusters was positively 
correlated with elevation (rs = 0.65) and negatively correlated with soil pH (rs = -0.85).

In S sites, the length of asexual ramets in asexual clusters was negatively correlated 
with elevation (rs = -0.64), whereas the biomass of asexual ramets in asexual clusters 
was positively correlated with the share of P2O5 (rs = 0.76).

Size of sexual ramets and synflorescences in the hybrid and its parental species

The tallest sexual ramets were found in S. canadensis and the shortest in S. virgaurea 
(Table 2). The differences in the length of sexual ramets between the hybrid and its pa-
rental species were statistically significant (F = 96.52, p < 0.001). In addition, the Tukey 
test showed that the length of sexual ramets of S. canadensis was significantly higher in S 
sites than in NE sites (p < 0.001). In contrast, the length of synflorescences did not dif-
fer between the taxa and sites, as well as the taxon × site interaction was not confirmed. 
Nevertheless, the significant effect of the taxon × site interaction was found in the case of 
biomass of sexual ramets (F = 9.00, p < 0.001) and synflorescences (F = 7.05, p < 0.001). 
The highest values of biomass were achieved by S. canadensis in S sites and the lowest by 
S. ×niederederi in NE sites. The Tukey test confirmed that the biomass of sexual ramets and 
synflorescences of the hybrid in NE sites differed remarkably from S. canadensis in S sites 
(p < 0.001), as well as from S. virgaurea in NE and S sites (p ≤ 0.05). Moreover, synflores-
cences of S. ×niederederi were significantly heavier in S sites than in NE sites (p ≤ 0.05).

Table 2. Differences in the length and biomass of sexual ramets and synflorescences (mean ± SD) in popula-
tions of Solidago ×niederederi, S. canadensis and S. virgaurea in north-eastern (NE) and southern (S) regions in 
Poland. Asterisks indicate the statistical significance level (mixed linear model): ** p < 0.01, *** p < 0.001, ns 
indicates not significant. The different letters in the superscript indicate the statistical differences (Tukey test).

Taxon Region Sexual ramet 
length (cm)

Sexual ramet 
biomass (g)

Synflorescence 
length (cm)

Synflorescence 
biomass (g)

Solidago ×niederederi NE 105.8 (±26.1)a 19.4 (±13.1)a 24.7 (±10.3) 6.7 (±6.1)ac

S 111.5 (±25.3)a 24.8 (±19.2)a 29.6 (±13.8) 11.2 (±12.7)cef

Solidago canadensis NE 115.9 (±29.0)b 26.7 (±17.0)b 27.2 (±10.2) 9.4 (±6.3)abcef

S 146.0 (±27.4)e 51.5 (±31.3)c 32.8 (±11.8) 18.7 (±16.2)d

Solidago virgaurea NE 88.1 (±21.1)d 20.8 (±14.8)a 34.5 (±15.9) 11.2 (±11.8)bcf

S 92.2 (±21.4)d 20.2 (±12.7)a 34.8 (±14.2) 11.2 (±8.9)bcef

The statistical significance level Ftaxon = 96.5** Ftaxon = 10.3ns Ftaxon = 7.2ns Ftaxon = 1.9ns

Fregion = 7.1ns Fregion = 2.1ns Fregion = 4.7ns Fregion = 3.3ns

F taxon × region = 2.0ns F taxon × region = 9.0*** F taxon × region = 2.4ns F taxon × region = 7.6***
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In NE sites, the length of synflorescences of S. canadensis was positively correlated 
with the share of clay (rs = 0.73). Moreover, in S sites, the length of sexual ramets of 
S. canadensis was positively correlated with the share of sand (rs = 0.65).

Discussion

Habitat requirements of the hybrid and its parental species

Solidago ×niederederi and its parental species occurred on a wide range of soil pH and 
texture. Interestingly, similar soil conditions were documented not only in places where 
the hybrid co-existed with parental species, but also where parental species occurred 
separately (Karpavičienė and Radušienė 2016). Generally, S. canadensis and S. virgaurea 
show a wide tolerance to soil texture and fertility, but the range of soil pH and moisture 
is usually wider in S. virgaurea (Werner et al. 1980; Zarzycki et al. 2002; Szymura and 
Szymura 2013). Regions with large areas of abandoned fields, with sandy and loamy 
soils, seem to be particularly prone to the naturalisation of S. ×niederederi, as in the case 
of S. canadensis (Szymura and Szymura 2013; Perera et al. 2021). It is also relevant to 
mention that the high probability of the hybrid occurrence in Europe has been predict-
ed in areas with an annual temperature range of 18–30 °C and a minimum temperature 
of the coldest month close to or slightly higher than -10 °C (Jaźwa et al. 2018). The ver-
tical distribution of S. ×niederederi is rather narrower than wide as both parental species 
are mainly restricted to lowlands and highlands, where they form the most abundant 
populations (Szymura and Szymura 2013; Kiełtyk and Mirek 2014; Perera et al. 2021).

Structure of ramet clusters in Solidago ×niederederi

In this study, we showed that sexual clusters dominated in S. ×niederederi populations, 
but the total number of ramets was the highest in mixed clusters. Similar results were 
obtained in previous studies (Pliszko and Kostrakiewicz-Gierałt 2017, 2019). Moreo-
ver, we found a significant effect of the cluster × site interaction on the number of 
ramets. Most likely, the differences in the structure of the hybrid clones were related to 
their different age, as well as to environmental conditions. The ability to form numer-
ous sexual ramets makes the hybrid competitive with other plants (including parental 
species) in terms of attracting pollinators and colonising new areas by seeds. Obser-
vations made in a domestic garden confirmed that the capitula of S. ×niederederi are 
readily visited by many insects (Pliszko and Kostrakiewicz-Gierałt 2018a). Addition-
ally, the formation of numerous generative shoots can contribute to the hybrid’s re-
productive success and further spread, especially since its pollen grains have a reduced 
viability (Migdałek et al. 2014) and the rate of vegetative spreading is very low due to 
a lack of long rhizomes. On the other hand, the presence of asexual ramets may also 
increase the chance of a hybrid persistence in the wild, since asexual ramets, like sexual 
ramets, are involved in the production of descendant ramets by clonal growth (Pliszko 
and Kostrakiewicz-Gierałt 2019).
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The effect of habitat conditions on hybrid ramet clusters

In many species of Solidago, the development of synflorescences depends on the length 
of the shoots (Hartnett 1990; Schmid et al. 1995; Rosef et al. 2020). Therefore, it 
can be assumed that factors affecting shoot growth have a direct impact on the ap-
pearance of sexual and asexual ramets in S. ×niederederi. Our results suggest that the 
structure of ramet clusters in populations of S. ×niederederi is affected by elevation, 
soil pH and share of sand in the soil. According to Pliszko and Kostrakiewicz-Gierałt 
(2019), the number of descendant ramets in S. ×niederederi is positively correlated 
with the number of maternal ramets and the type of clonal cluster affects the number 
of descendant ramets. Nevertheless, it is important to test how the composition and 
number of ramets in individual clones change from one season to another in terms of 
changing environmental conditions to better understand the population dynamics and 
age structure of S. ×niederederi.

Effects of habitat conditions and type of ramet clusters on the length and 
biomass of shoots and synflorescences in hybrid populations

By achieving a sufficient height, biomass or ramet density, Solidago species can en-
ter the generative phase or effectively compete for environmental resources or defend 
themselves against herbivores and pathogens (Cain et al. 1991; Schmid 1994; Schmid 
et al. 1995; Szymura and Szymura 2016). High elevation negatively affects the size 
of flowering shoots or synflorescences in the Solidago species (Szymura and Szymura 
2013; Moran et al. 2017). Surprisingly, we found that sexual ramets of the hybrid 
were longer and heavier at higher elevation (S sites), while the length and biomass of 
synflorescences were similar in both groups of sites. Moreover, there was a positive cor-
relation between the biomass of synflorescences in mixed clusters and elevation in NE 
sites. Nevertheless, considering that the elevation in study sites was low and narrowly 
ranged (160–540 m), it is important to test the effect of elevation in the future con-
cerning populations located in mountainous regions. On the other hand, sometimes 
even a small-elevation gradient may negatively affect biomass allocation to sexual re-
production in clonal plants (Chen et al. 2015).

Apparently, the proportion of sand in the soil positively affects the length of asex-
ual ramets in mixed clusters, whereas the soil pH can negatively affect the biomass of 
sexual and asexual ramets in mixed clusters, as well as the length and the biomass of 
synflorescences in mixed clusters. Moreover, the content of P2O5 positively affects the 
biomass of asexual ramets in asexual clusters of the hybrid populations. Interestingly, 
Karpavičienė and Radušienė (2016) found no effect of soil pH and content of organic 
C and P2O5 in the soil on maximal shoot height in S. ×niederederi, suggesting that a 
lack of correlation between the soil chemical composition and height of ramets can be 
explained by the variation of other environmental factors, such as water availability 
and competition.

Sexual ramets of S. ×niederederi were longer in sexual than in mixed clusters, con-
firming the results obtained in the previous study (Pliszko and Kostrakiewicz-Gierałt 
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2019). Moreover, the length of asexual ramets was negatively affected by the total 
number of ramets in mixed clusters in NE sites, the length of sexual ramets was nega-
tively affected by the number of sexual ramets in mixed clusters in S sites and the bio-
mass of sexual ramets was negatively affected by the total number of ramets in mixed 
clusters in S sites. As a comparison, in a 4-year pot experiment, Szymura and Szymura 
(2015) noticed that new ramets of S. canadensis and S. virgaurea located in the periph-
ery of the clone were usually lower in height than old ramets placed in the centre of the 
clone, leading to a decrease of the average height of plants noted during the fourth year. 
Moreover, Cheng et al. (2021) found that the height and abundance of S. canadensis 
had no significant effect on its reproductive allocation, but individuals with higher 
total biomass can allocate more resources to sexual reproduction. Nevertheless, we did 
not find any significant correlation between the size of synflorescences and the number 
of sexual ramets in sexual and mixed clusters, in NE and S sites in Poland.

The response of the hybrid and its parental species to site conditions in the 
size of sexual ramets and synflorescences

Solidago ×niederederi and its parental species significantly differed from each other in 
the length of sexual ramets. Moreover, S. canadensis had longer sexual ramets in S than 
in NE sites. Surprisingly, the length of synflorescence was similar in the hybrid and its 
parental species with no effect of site. In contrast, Karpavičienė and Radušienė (2016) 
reported that the hybrid was different from S. canadensis and S. virgaurea in the length 
of synflorescence, but both parental species had similar length of synflorescence. On the 
other hand, Szymura and Szymura (2013, 2015) found differences in shoot height and 
synflorescence length between S. canadensis and S. virgaurea. In Europe, populations 
of S. canadensis are morphologically variable depending on habitat conditions, latitude 
and age of the clones (Weber 1997). Similarly, Kiełtyk and Mirek (2014) found a great 
morphological variation in shoot height and synflorescence length in S. virgaurea along 
an elevation gradient in Poland. Interestingly, we evidenced that the biomass of sexual 
ramets and synflorescences significantly differed between the S. ×niederederi and its 
parental species and the hybrid achieved higher biomass of synflorescences in S sites 
than in NE sites. Nevertheless, it should be pointed out that significant differences in 
biomass of synflorescences between the NE and S sites were not confirmed for a large 
number of sexual ramets, determined for all sexual and mixed clusters in the studied 
hybrid populations (shown in the above subsection). Therefore, the sample size most 
likely affected the results, making it difficult to draw firm conclusions.

Generally, invasive Solidago species (including S. canadensis) produce higher bio-
mass than native S. virgaurea (Szymura and Szymura 2015; Szymura et al. 2019). 
Furthermore, S. canadensis invests more biomass in stems and leaves than in rhizomes, 
whereas the biomass of S. virgaurea is remarkably contributed to by synflorescences 
(Szymura and Szymura 2015). Interestingly, Szymura and Szymura (2016) demon-
strated that S. canadensis is more competitive than S. virgaurea, because it achieved a 
higher percentage of flowering ramets when grown with S. virgaurea than when grown 
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in monoculture. Additionally, S. virgaurea showed a decrease in the percentage of flow-
ering ramets when it was grown in combination with other species (Szymura and Szy-
mura 2016). However, the above-mentioned authors suggested that the dominance 
of S. canadensis over native plant species may be less pronounced in a low-resource 
environment or disturbed places and the disturbance may also enhance the ability of 
S. virgaurea to persist in plant communities, despite its lower competitiveness. Consid-
ering the biomass allocation to flowering shoots and synflorescences, it can be assumed 
that the hybrid has more or less similar competitive abilities to its parental species, 
depending on the habitat conditions. Nevertheless, further study is needed to resolve 
the competitive abilities of the hybrid concerning the physiological and reproductive 
aspects of its performance in various habitats.

Conclusions

The structure of clones in hybrid populations most likely reflects differences in their 
age and habitat conditions. Sexual clusters dominate in hybrid populations, while the 
highest number of ramets is found in mixed clusters. In NE sites, the number of sexual 
ramets in mixed clusters is positively influenced by the share of sand, while in S sites, 
the number of asexual ramets in mixed clusters and the number of asexual ramets in 
asexual clusters are positively influenced by soil pH. Moreover, the length and biomass 
of ramets and synflorescences do not increase with the number of ramets in the indi-
vidual clusters. Solidago ×niederederi seems to be a strong competitor for its parental 
species by achieving similar biomass of sexual ramets and synflorescences. However, 
other factors related to competition (e.g. photosynthesis capacity, growth rate, biomass 
allocation to underground parts, defence) under different environmental conditions 
should be investigated to better understand the naturalisation and invasive potential 
of the hybrid.
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