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ABSTRACT
In spontaneously vegetated postindustrial areas, we have limited knowledge of whether the known inhibitory tendencies of 
herbaceous species—Calamagrostis epigejos and Solidago spp.—vary across successional stages. Our study fills this knowledge 
gap to assess the inhibitory role of the invasive alien and expansive native species with known behavior from the literature. 
Specifically, we hypothesized: (i) there will be an inhibitory effect of these species on diversity across successional classes; (ii) the 
effect of a species will depend on the successional class due to abiotic requirements of plant communities in each successional 
class. We recorded vascular plant species and their abundance across 400 plots on post-coal mine heaps in Upper Silesia, Poland. 
We classified spoil heaps into three successional classes (early-stage; mid-stage; late-stage). We calculated plant community 
taxonomic, functional, and phylogenetic diversity and, using generalized linear mixed-effects models, we estimated predictors 
of diversity indices across successional classes. While we found no limiting effects of these species on diversity indices across 
successional classes, the effects of a species depended on the successional stage. We found the impacts of Calamagrostis and 
Solidago cover on diversity indices in the mid-successional stage. This implies that the early-successional stage is controlled by 
the lottery (random) model of community assembly. However, in the mid-successional stage, the competitive exploitation mech-
anism is evident, resulting in declines in diversity indices. Thus, the impacts of Calamagrostis and Solidago on diversity indices 
are evident in the mid-successional stage.

1   |   Introduction

Globally, the need for the restoration of postindustrial sites, for 
example, post-coal-mining spoil heaps, stone quarries, or sand 
pits is of urgent significance. Mining areas occupy about 1% of 
the global land area (Maus et al.  2022), and specifically, coal 
mining and related disturbances impact biodiversity, leading 
to the creation of novel ecosystems (Conradi, Henriksen, and 
Svenning  2021; Erskine and Fletcher  2013; Hobbs et al.  2006; 

van Andel 2013). These emerging ecosystems result from novel 
combinations of species in response to rapidly changing land 
use and direct human impacts (Hobbs, Higgs, and Harris 2009; 
Lindenmayer et al. 2008). Thus, novel ecosystems can be hypoth-
esized to occupy a midpoint between a gradient of “natural” eco-
systems and intensively managed systems (Hobbs et al. 2006).

In recent times, spontaneous succession has received great at-
tention for the restoration of post-mining sites (Hodačová and 
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Prach  2003; Mudrák, Frouz, and Velichová  2010; Šebelíková 
et al. 2019; Vaverková et al. 2018). This is due to the enormous 
potential of spontaneous vegetation development for nature con-
servation, and its high cost-effectiveness. By adopting a chro-
nosequence approach, we were able to depict communities of 
various successional classes through vegetation patches of dif-
ferent ages (Fu et al. 2023; Li et al. 2022).

In central European post-mining areas, spontaneous primary 
succession on post-brown coal open-cast heaps begins from bare 
substrate materials with few and scattered annual and biennial 
plants, usually lasting up to 10 years. Then, these species are re-
placed by dominant herbaceous plants. In the subsequent sere, 
shrublands expand after 15 years, facilitating the encroachment 
of broadleaved tree species (Badraghi et al.  2023; Prach and 
Pyšek  2001; Wiegleb and Felinks  2001). While the process of 
spontaneous succession in post-mine areas may seem straight-
forward, it has low predictability and is dependent on site char-
acteristics (Mudrák, Doležal, and Frouz  2016; Prach  2003). 
Besides, the role of biotic interactions, for example, competi-
tive inhibition, becomes significant in the course of succession 
(Błońska et al.  2019; Kompała-Bąba et al.  2020; van Kleunen, 
Fischer, and Schmid 2001; Wiegleb and Felinks 2001; Woźniak, 
Chmura et al. 2021).

Competitive inhibition is one of the three models controlling the 
mechanism of succession in natural communities (Connell and 
Slatyer 1977). In the inhibition model, early colonists suppress 
the development of later colonists, and the latter succeed only 
if they have adequate resources, to provide them with compet-
itive superiority. Therefore, inhibition can delay or even block 
successional change, provided that the inhibitor can maintain 
its dominance (Walker and del Moral  2003). In successional 
communities of post-mine areas, the inhibitory role of invasive 
species and expansive natives is important but underappre-
ciated (Bartha et al.  2014; Rebele  2013; Somodi, Virágh, and 
Podani  2008). Perennial native and invasive species can both 
dominate a successional stage, often by monopolizing light, 
water, and nutrients through dense vegetation development 
(Kompała-Bąba et al. 2020; Rebele 2013).

In our recent findings, two invasive Solidago species (i.e., S. 
canadensis and S. gigantea), and the expansive native species—
Calamagrostis epigejos, were among the most frequent plant 
species in postindustrial vegetation (Anibaba et al.  2023). In 
post-mine areas, an increasing body of literature concerning the 
impacts of these invasive alien species on spontaneous vegeta-
tion development has focused on their effects on taxonomic di-
versity (e.g., Bartha et al. 2014), or as succession inhibitors (e.g., 
Rebele  2013). Other authors have studied the effect of the ex-
pansive native—C. epigejos—on nutrient availability (Kompała-
Bąba et al. 2020; Stefanowicz et al. 2015), or the species impact 
as a strong competitor and its ability to halt spontaneous suc-
cession (Mudrák, Frouz, and Velichová  2010; Rebele and 
Lehmann 2002; Somodi, Virágh, and Podani 2008). Only a few 
studies have focused on how these species can affect the func-
tional and phylogenetic diversity of vegetation developing spon-
taneously in postindustrial and post-agricultural areas (Czortek 
et al.  2023; Kompała-Bąba et al.  2020; Woźniak, Dyderski 
et al.  2021). We have a limited understanding of whether the 
inhibitory tendencies of these species during spontaneous 

vegetation development in post-mine areas depend on the suc-
cessional stage or are species-specific. In this context, the results 
obtained may be applied to other invasive alien species and ex-
pansive natives with a similar ecology to S. canadensis, S. gi-
gantea, and C. epigejos.

Our study aimed to assess the inhibitory role of alien and native 
species with known behavior from the literature. We hypoth-
esize: (i) there will be an inhibitory effect of these species on 
diversity across successional classes (vegetation patches of dif-
ferent ages); (ii) the effects of a species will depend on the suc-
cessional class due to abiotic requirements of plant communities 
in each successional class.

2   |   Materials and Methods

2.1   |   Studied Species

S. canadensis and S. gigantea are North American plant species 
from the Asteraceae family. Both species are herbaceous peren-
nials forming above-ground shoots and below-ground rhizomes 
(Weber and Jakobs  2005; Werner, Gross, and Bradbury  1980). 
They are non-native to central Europe ecosystems and have 
been recognized as successional inhibitors. On rich soil types, 
S. canadensis can delay succession toward forest (Rebele 2013). 
Similarly, S. gigantea can dominate the mid-successional stage, 
negatively impact diversity and temporarily arrest succession 
(Bartha et al.  2014). Both S. canadensis and S. gigantea co-
occur in wasteland communities in central Europe (Czortek 
et al.  2023). They can colonize these man-made habitats and 
dominate in early and mid-successional stages. Both S. canaden-
sis and S. gigantea are similar in size, dispersal characteristics, 
and growth form.

C. epigejos is a tall rhizomatous perennial grass native to Eurasia 
and thrives in a broad range of natural, semi-natural, and man-
made habitats (Rebele and Lehmann 2001). The grass is a strong 
competitor due to its rapid clonal propagation. As an expansive 
native, C. epigejos is problematic not only in Central Europe but 
also in Western Europe. C. epigejos can halt the early stages of 
spontaneous succession (Mudrák, Frouz, and Velichová  2010; 
Rebele and Lehmann 2001; Somodi, Virágh, and Podani 2008). It 
suppresses other plant species and causes considerable problems 
in the restoration of post-mine sites (Rebele and Lehmann 2002; 
Somodi, Virágh, and Podani  2008), as a successional inhib-
itor (Hegedüšová and Senko  2011; Jańczyk-Węglarska  1996; 
Marozas, Racinskas, and Bartkevicius  2007). Overall, S. 
canadensis, S. gigantea, and C. epigejos can delay woody species 
colonization and succession by closure of the bare ground which 
inhibits germination, then by competition for light, water, and 
nutrients with woody seedlings.

2.2   |   Description of the Study Site

The study was conducted in Upper Silesia, an area with a long 
history of coal mining (since the 18th century). The long-term 
mining activity has resulted in enormous regions of post-coal 
mine sites covering more than 8 km2 (Szczepańska  1987). 
The anthropogenic landscape has been altered by these 
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mineral material sites formed by Carboniferous deposits on pre-
Cambrian crystalline rocks. The Carboniferous mudstone and 
sandstone complexes are combined with various coal compo-
nents (Cabała, Cmiel, and Idziak 2004).

Plant development on coal mine heaps is difficult due to the 
harsh abiotic conditions of the mineral material habitats, such 
as wide differences in daily temperatures (often reaching 50°C) 
and moisture, substrate instability, absence of soil, vulnerabil-
ity to erosion, dusting, thermal, and chemical actions. Aside 
from abiotic factors, the post-coal mine waste is distinguished 
by extreme biotic characteristics such as substrate nutrient 
deficit and lack of a seed bank (Woźniak, Dyderski et al. 2021). 
These habitat characteristics influence the ability of vegeta-
tion to colonize postindustrial areas (Bradshaw  2000; Prach 
et al. 2013).

2.3   |   Study Design and Vegetation Sampling

From a record of 112 post-mining sites with accessible data on age, 
size, vegetation, and reclamation techniques (Woźniak 2010), we 
removed 31 varying in size, land-use patterns in the surround-
ing area, thermal activity, or were technically formed (i.e., cover-
ing the sites with fertile topsoil and intentional planting of herb 
mixtures and trees). We opted to remove these factors because 

they may significantly influence observed patterns of vegetation 
assembly (Anibaba et al.  2023). While this reduced the overall 
variation of abiotic conditions, it allowed us to conclude that 
trends in the data were not impacted by noise associated with 
the treatments outlined above. From the remaining 81 sites, we 
selected 60 sites at random based on post-coal mine heap size, 
age, and adjacent land cover. Among the selected sites, we classi-
fied three spoil heap classes representing successional stage (i.e., 
early-stage [1–8 years] – Class 0; mid-stage [6–14 years] – Class 
1; late-stage [25–56 years] – Class 2) (Figure  S1) and randomly 
chose plots corresponding to these classes (Anibaba et al. 2024). 
Using the findings of this study and that of Anibaba et al. (2023), 
we randomly selected 80 vegetation patches within the 60 sites. 
The 80 vegetation patches proportionally represent the spoil heap 
classes on the study sites, and each patch encompasses an area 
of at least 150 × 150 m. The vegetation patch forms the basis of 
plot selection. We created five plots in a cross pattern inside each 
randomly selected vegetation patch (i.e., one central plot and four 
subplots at distances of 50 m in the north, south, east, and west 
directions; 400 plots in total; Figure 1). Each plot had a 3 m ra-
dius (28.3 m2). Within each plot, we recorded all vascular plant 
species and their abundance using a Londo scale (Londo 1976). 
For Calamagrostis and Solidago cover, we did not preferentially 
sample these species, but we used a natural gradient of their 
abundance resulting from our field survey data based on random 
establishment of sample plots.

FIGURE 1    |    Scheme of the study design—distribution of study plots within land use types. Additional plots are in the north, south, east, and west 
directions at 50 m from the central plot. Reproduced from Anibaba et al. (2023). [Colour figure can be viewed at wileyonlinelibrary.com]

https://onlinelibrary.wiley.com/
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2.4   |   Data Processing

Using the “V.PhyloMaker” package (Jin and Qian 2022), we ac-
quired a phylogenetic tree comprising all plant species recorded 
in the study plots, derived from a mega-tree provided in the pack-
age. We also obtained plant species functional traits (Table  1) 
from the LEDA (Kleyer et al. 2008), BIEN (Maitner et al. 2018), 
Pladias (Chytrý et al. 2021), and BioFlor (Klotz et al. 2002) da-
tabases that comprise a wide variety of plant reproductive char-
acteristics, life-history traits, and measures of leaf morphology. 
We also acquired Ellenberg's ecological indicator values (EIVs) 
characterizing species environmental requirements (Ellenberg 
and Leuschner 2010). In order not to omit missing data, we used 
the random forest-based trait imputation to fill gaps in the trait 
and EIV data (Penone et al. 2014) implemented in the missFor-
est::misForest() function (Stekhoven 2022) and the phylogenetic 
eigenvectors (Diniz-Filho, de Sant'Ana, and Bini 1998) obtained 
from the PVR package (Santos 2018). The first 15 phylogenetic 
eigenvectors explained 59.3% of the variation in phylogenetic 
distances among plant species.

In this study, we analyzed the three facets of species diver-
sity measures: taxonomic, phylogenetic, and functional at the 
alpha (within site) level. Using the “vegan” package (Oksanen 
et al. 2022), we estimated taxonomic alpha diversity by species 
richness and Shannon's diversity index. We estimated the stan-
dardized effect size of Faith's phylogenetic diversity (SES.PD) 
using the “picante” package (Kembel et al. 2020). Standardized 
effect sizes account for the influence of species richness (Pavoine 

et al.  2013; Swenson  2014), and were calculated as (observed 
value − expected value)/standard deviation of the expected value. 
The expected values were computed using a null distribution of 
999 random species assemblages chosen without replacement 
from the species pool. Species identities within communities 
were randomized, but the number of species remained fixed—the 
“Independentswap” null model (Gotelli  2000). Positive SES.PD 
values imply phylogenetic overdispersion (i.e., species more dis-
tantly related to each other than expected by chance), while nega-
tive values indicate clustering (i.e., species more closely related to 
each other than expected by chance). Using the dbFD() function 
from the “FD” package (Laliberté, Legendre, and Shipley 2022), 
we calculated Functional richness (FRic) a metric that estimates 
the trait space of plant functional types present in a commu-
nity (Laliberté and Legendre  2010). We calculated correlations 
between taxonomic, phylogenetic, and functional measures 
(Figure S3). We removed our focal species—S. canadensis, S. gi-
gantea, and C. epigejos from the calculations of taxonomic, phy-
logenetic, and functional diversity measures to avoid circular 
reasoning (Czortek, Orczewska, and Dyderski  2021; Dyderski 
and Jagodziński 2018; Thomsen et al. 2016).

2.5   |   Data Analyses

All analyses were conducted using R software, version 4.3.0 (R 
Core Team 2023). To gain insights into the species composition 
of all study plots across the three classes of successional stages, 
we used presence-absence transformed data in the nonmetric 

TABLE 1    |    Ellenberg's ecological indicator values (EIVs) and traits used in the study, their ranges, variation coefficient (CV), and completeness.

Numeric traits min max Mean CV (%) Completeness (%)

Light EIV 1 9 6.8 21.9 98.1

Moisture EIV 2 11 5.3 31.7 86.8

Temperature EIV 2 8 5.6 15.2 72.9

Nitrogen EIV 1 9 5.0 40.5 87.7

Soil reaction EIV 1 9 6.3 24.0 69.1

Start of flowering (months) 1 9 5.6 20.9 98.9

Duration of flowering (months) 1 12 3.4 40.6 98.9

Seed mass (SM) (mg) 0.001 13,737.6 108.1 902.9 94.5

Specific leaf area (SLA) (cm2 g−1) 51.8 899.1 250.7 43.3 87.9

Maximum plant height (H) (m) 0.033 60.0 4.1 242.4 98.9

Leaf dry matter content (LDMC) (mg g−1) 300 509.5 229.4 30.9 81.1

Categorical traits Number of classes Classes and their frequency Completeness (%)

Insect pollinated 2 Yes (73.7%), no (26.3%) 95.9

Wind pollinated 2 Yes (28.9%), no (71.1%) 95.9

Self-pollinated 2 Yes (53.5%), no (46.5%) 95.9

Life form 8 Chamaephytes (4.6%), Geophytes (7.2%), 
Hemicryptophytes (53.2%), Hydrophytes 

(0.9%), Lianas (2.9%), Parasites (0.6%), 
Phanerophytes (15.0%), Therophytes (15.6%)

100.0
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multidimensional scaling (NMDS) implemented in the vegan 
package (Oksanen et al. 2022). Before NMDS, we excluded 28 
plots without vegetation and 14 plots with only one species, that 
produced artifacts and did not allow NMDS to reach conver-
gence (resulting in n = 358 for NMDS).

To assess the limiting effects of Solidago and Calamagrostis 
cover on diversity indices across the successional classes, 
we developed linear mixed-effect models, except for species 
richness and functional richness, for which we used gener-
alized linear mixed-effect models assuming Poisson distri-
butions and zero-inflated beta distributions of the dependent 
variables, respectively. We developed these models using the 
“lme4” and “glmmTMB” packages (Bates et al. 2015; Brooks 
et al.  2017). We used the percentage cover of Solidago and 
Calamagrostis, successional class, and their interaction as 
predictors. We square root transformed cover of Solidago and 
Calamagrostis to obtain distributions closer to normal. Square 
root transformation decreases the relatively higher differ-
ences between midpoints of cover classes and allows for better 
handling of species that occur with lower coverage. In addi-
tion, we used blocks of plots nested with the heap identifiers 
as random intercepts to account for the spatial dependence of 
the study design. We used the ggeffects::ggpredict() function 
in the “ggeffects” package (Lüdecke 2018) to obtain marginal 
responses from models, that is, predicted responses excluding 
random effects and assuming a constant (mean) value for all 
other predictors.

To identify models with variables that best predict diversity in-
dices across successional classes on post-coal mine heaps, we 
used a model selection—dredge() function in the “MuMIn” 
package (Bartoń  2022), where all combinations of variables 
in the model were ranked based on the corrected Akaike 
Information Criterion, corrected for small sample size (AICc). 
For each model, we reported the AICc of the global model (i.e., 
all hypothesized predictors), final model, and null (intercept and 

random effect only) model, to show how the final model differs 
from them. We ensured that the Poisson GLMM was not biased 
by overdispersion using the check_overdispersion() function in 
the “performance” package (Lüdecke et al. 2021).

3   |   Results

Solidago and Calamagrostis cover differed across successional 
classes (Tables S1 and S2; Figure S2). The general pattern of 
vegetation development across successional stages on post-
coal mine spoil heaps revealed that vegetation succession gen-
erally proceeds from an early-successional stage with black 
and coaly spoil materials majorly colonized by synanthropic 
species. These species establish on open sites and spoils at the 
early stage of successional development (e.g., Tussilago farfara, 
Erigeron canadensis, Taraxacum officinale, Echium vulgare, 
Daucus carota, or Cirsium arvense). The mid-successional 
stage was dominated by species that are characteristic of dense 
low vegetation (i.e., meadows and grasslands, e.g., C. epigejos, 
Poa compressa, P. pratensis, Polygonum aviculare, S. canaden-
sis, S. gigantea, Artemisia vulgaris, or Hypericum perforatum). 
Only four herbaceous species were most frequent in the late-
successional stage, covered by dense high vegetation, and 
dominated by trees and shrubs. These species were Urtica di-
oica, Impatiens parviflora, Geum urbanum, and Deschampsia 
cespitosa, and all of them adapted to shade or moderate shade 
conditions (Figure 2).

3.1   |   The Impact of Calamagrostis Cover on 
Diversity Indices Across Successional Stages

Among all tested predictors of species richness in post-coal 
mine spoil heaps, the best-fit model was explained by the in-
teraction of percentage cover of Calamagrostis and spoil heap 
successional class (AICc global model = 1990.09, AICc null 

FIGURE 2    |    Results of nonmetric multidimensional scaling (NMDS) analysis for all study plots showing species having a frequency (number of plots 
recorded) ≥40. Spoil heap class: 0, early-successional; 1, mid-successional; 2, late-successional. [Colour figure can be viewed at wileyonlinelibrary.
com]

https://onlinelibrary.wiley.com/
https://onlinelibrary.wiley.com/
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model = 2014.91, AICc best model = 1982.63). Species richness 
had a nonsignificant relationship with the percentage cover of 
Calamagrostis under the early- and late-successional stages. 
However, under the mid-successional class, predicted species 
richness decreased significantly with the percentage cover of 
Calamagrostis (Table 2; Figure 3a).

For predicted Shannon diversity, the best model was explained 
by the interaction of percentage cover of Calamagrostis and 
spoil heap successional class (AICc global model = 551.63, AICc 
null model = 588.19, AICc best model = 548.92). While the per-
centage cover of Calamagrostis marginally predicted Shannon 

diversity under the mid-successional class, we found a nonsig-
nificant relationship between Shannon diversity and percentage 
cover of Calamagrostis under the early- and late-successional 
stages, respectively (Table 2; Figure 3b).

The best model for predicted functional richness was explained 
by the interaction of percentage cover of Calamagrostis and 
spoil heap successional class (AICc global model = −1219.12, 
AICc null model = −1211.51, AICc best model = −1227.98). The 
relationship between predicted functional richness and per-
centage cover of Calamagrostis was negative under the mid-
successional class, however under early- and late-successional 

TABLE 2    |    Estimates of the final model predicting percentage cover of Calamagrostis on diversity indices.

Predictor Estimate SE t/Z valuea p

Species richness

Intercept 2.07 0.11 18.75 < 0.0001

Calamagrostis cover (square root) 0.06 0.02 3.20 0.0014

Class 1 0.58 0.16 3.69 0.0002

Class 2 −0.30 0.15 −1.99 0.0465

Calamagrostis cover (square root) × Class 1 −0.06 0.02 −2.85 0.0043

Calamagrostis cover (square root) × Class 2 0.07 0.06 1.07 0.2853

Shannon diversity

Intercept 1.43 0.12 11.84 < 0.0001

Calamagrostis cover (square root) 0.11 0.02 4.43 < 0.0001

Class 1 0.40 0.18 2.16 0.0337

Class 2 −0.16 0.16 −1.03 0.3071

Calamagrostis cover (square root) × Class 1 −0.06 0.03 −1.88 0.0610

Calamagrostis cover (square root) × Class 2 < 0.01 0.08 0.03 0.9773

Functional richness

Intercept −2.79 0.14 −19.31 < 0.0001

Calamagrostis cover (square root) 0.09 0.03 3.02 0.0025

Class 1 0.61 0.22 2.80 0.0051

Class 2 −0.20 0.19 −1.06 0.2894

Calamagrostis cover (square root) × Class 1 −0.10 0.03 −3.05 0.0023

Calamagrostis cover (square root) × Class 2 0.10 0.09 1.13 0.2573

(zero-inflated)

Intercept −22.43 4010.00 −0.006 0.9960

SES.PD

Intercept −1.36 0.19 −7.14 < 0.0001

Calamagrostis cover (square root) −0.11 0.04 −2.44 0.0156

Class 1 −0.42 0.30 −1.39 0.1679

Class 2 1.47 0.26 5.60 < 0.0001

Calamagrostis cover (square root) × Class 1 0.10 0.06 1.70 0.0895

Calamagrostis cover (square root) × Class 2 −0.39 0.16 −2.42 0.0162
aZ value for Poisson and beta GLMMs (species richness and functional richness); t value for Gaussian GLMMs.
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classes, we found a nonsignificant relationship between 
functional richness and percentage cover of Calamagrostis 
(Table 2; Figure 3c).

For predicted standard effect size phylogenetic diversity (SES 
PD), the best model was explained by the interaction of percent-
age cover of Calamagrostis and spoil heap successional class 
(AICc global model = 995.34, AICc null model = 1038.84, AICc 
best model = 988.40). Predicted SES PD increased marginally 
with Calamagrostis cover under the mid-successional class. 
However, under the late-successional class, SES PD decreased 
with Calamagrostis cover. We found a nonsignificant relation-
ship between SES PD and Calamagrostis cover under the early-
successional class (Table 2; Figure 3d).

3.2   |   The Impact of Solidago Cover on Diversity 
Indices Across Successional Stages

The most parsimonious model for predicted species richness 
was the interaction of Solidago cover and spoil heap successional 
class (AICc global model = 2018.64, AICc null model = 2043.16, 
AICc best model = 2004.10). Predicted species richness de-
creased with Solidago cover under the mid-successional class. 
Conversely, a nonsignificant relationship was found between 
species richness and Solidago cover under the early- and late-
successional classes (Table 3; Figure 3a).

The best model for predicted Shannon diversity was ex-
plained by the interaction of Solidago cover and spoil heap 
successional class (AICc global model = 508.38, AICc null 
model = 519.21, AICc best model = 504.15). The relationship 
between predicted Shannon diversity and Solidago cover was 
negative under the mid-successional stage, however in ear-
ly- and late-successional classes, we found a nonsignificant 
relationship between Shannon diversity and Solidago cover 
(Table 3; Figure 3b).

For predicted functional richness, the best model was ex-
plained by the interaction of Solidago cover and spoil heap 
successional class (AICc global model = −1222.33, AICc null 
model = −1207.89, AICc best model = −1228). While predicted 
functional richness significantly decreased with Solidago cover 
under the mid-successional class, we found a nonsignificant re-
lationship between functional richness and Solidago cover under 
the early- and late-successional classes (Table 3; Figure 3c).

The most parsimonious model for predicted SES PD was the 
interaction of Solidago cover and spoil heap successional class 
(AICc global model = 998.90, AICc null model = 1042.71, AICc 
best model = 996.14). We found a significant increase in pre-
dicted SES PD with Solidago cover under the mid-successional 
class. In contrast, under the early- and late-successional classes, 
there was a nonsignificant relationship between SES PD and 
Solidago cover (Table 3; Figure 3d).

FIGURE 3    |    Partial regression models with covers of Calamagrostis, Solidago, and spoil heap successional class as predictors influencing the 
species richness (a), Shannon diversity (b), functional richness (c), and predicted standardized effect size phylogenetic diversity (SES PD) (d). 
Interactions between Calamagrostis, Solidago cover, and spoil heap successional class were visualized by blue, orange, and green lines, which are 
marginal predictions for three levels of spoil heap class: 0, 1, and 2 (0, early-successional; 1, mid-successional; 2, late-successional). Dashed lines 
represent a 95% confidence interval of prediction. [Colour figure can be viewed at wileyonlinelibrary.com]

https://onlinelibrary.wiley.com/
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4   |   Discussion

In spontaneously vegetated postindustrial areas, it was unclear 
whether the known inhibitory tendencies of Calamagrostis and 
Solidago vary across successional stages. In this study, we ad-
dressed this knowledge gap using data from post-coal mining 
spoil heaps in Upper Silesia, Poland (Anibaba et al.  2023) to 
assess the inhibitory role of alien species and expansive native 
species across successional gradients. We found the inhibitory 
effects of these herbaceous species on diversity indices strongly 
depended on the successional stage. The impact of Calamagrostis 

and Solidago cover on diversity indices were strong in the mid-
successional stage. Even with a low effect size, the effect in the 
mid-successional stage was significant due to more represen-
tation and high dispersion in the early- and late-successional 
stages. Besides, such a limiting effect is not straightforward be-
cause the cover of Calamagrostis and Solidago were square root 
transformed.

In the early stage of succession, we found a nonsignifi-
cant relationship between diversity indices and the cover 
of Calamagrostis and Solidago. As revealed in the model of 

TABLE 3    |    Estimates of the final model predicting percentage cover of Solidago on diversity indices.

Predictor Estimate SE t/Z valuea p

Species richness

Intercept 2.14 0.10 21.10 < 0.0001

Solidago cover (square root) 0.09 0.03 2.84 0.0045

Class 1 0.57 0.14 4.02 < 0.0001

Class 2 −0.45 0.15 −3.00 0.0027

Solidago cover (square root) × Class 1 −0.11 0.03 −3.26 0.0011

Solidago cover (square root) × Class 2 −0.01 0.04 −0.25 0.8009

Shannon diversity

Intercept 1.41 0.12 11.81 < 0.0001

Solidago cover (square root) 0.11 0.045 2.55 0.0110

Class 1 0.47 0.17 2.76 0.0078

Class 2 −0.19 0.17 −1.14 0.2600

Solidago cover (square root) × Class 1 −0.11 0.049 −2.15 0.0330

Solidago cover (square root) × Class 2 −0.02 0.056 −0.27 0.7840

Functional richness

Intercept −2.56 0.12 −20.48 < 0.0001

Solidago cover (square root) 0.12 0.05 2.23 0.0256

Class 1 0.49 0.18 2.78 0.0054

Class 2 −0.54 0.19 −2.84 0.0045

Solidago cover (square root) × Class 1 −0.15 0.06 −2.59 0.0097

Solidago cover (square root) × Class 2 −0.04 0.07 −0.61 0.5443

(zero-inflated)

Intercept −22.32 3765.75 −0.006 0.9950

SES.PD

Intercept −1.44 0.15 −9.70 < 0.0001

Solidago cover (square root) −0.19 0.09 −2.11 0.0359

Class 1 −0.42 0.22 −1.91 0.0635

Class 2 1.62 0.23 6.95 < 0.0001

Solidago cover (square root) × Class 1 0.20 0.10 2.00 0.0460

Solidago cover (square root) × Class 2 0.04 0.11 0.34 0.7348
aZ value for Poisson and beta GLMMs (species richness and functional richness); t value for Gaussian GLMMs.
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succession, diversity in newly disturbed areas is not limited 
by competition for limited resources, instead, it delineates the 
capability of species to colonize, grow rapidly, and tolerate 
environmental conditions (Connell and Slatyer 1977; Huston 
and Smith 1987). Therefore, colonization and fast growth rate 
are regarded as important traits for a plant species to occupy 
available space in early succession. Environmental conditions 
following post-coal mine heaps formation such as light, high 
temperature, drought, high salinity, and low levels of soil de-
velopment (Woźniak, Dyderski et al.  2021) are particularly 
suitable for colonization by both native and alien species that 
possess stress-tolerant and ruderal characteristics (Fazlioglu 
et al. 2021; Kompała-Bąba et al. 2019). In our study sites, we 
recorded a high frequency of species that show stress tolerance 
and ruderal characteristics such as T. farfara, E. canadensis, T. 
officinale, E. vulgare, D. carota, and C. arvense. Therefore, to 
fill the available niche created due to spoil heap formation, 
early stages of succession are most susceptible to colonization 
by both native and alien species and this is consistent with 
successional theory (Huston and Smith 1987). Similarly, spe-
cies composition of early successional plant communities is 
determined by colonization probabilities (Foster et al. 2004), 
and interspecific interactions are weak as assumed in lottery 
models of community assembly—plant species compete for 
colonization of available space made vacant by disturbance (in 
our case spoil heap formation) (Pacala and Tilman 1994). As 
such, exploitative competition resulting in a decline in diver-
sity indices is less important in the early stages of successional 
development.

In the mid-successional stage, species richness and functional 
richness decreased significantly with the cover of Calamagrostis 
and Solidago. Shannon diversity was negative while phyloge-
netic diversity was positive with the cover of Solidago. Shannon 
diversity marginally decreased while phylogenetic diversity 
marginally increased with the cover of Calamagrostis. We 
argue that native and alien species colonize and establish in 
the early stages of succession which also supports our previous 
findings (Anibaba et al. 2023). However, some of these species 
that are perennial and expansive can persist into the mid-stage 
of succession, thereby inhibiting the successional pathway and 
affecting species diversity. Calamagrostis and Solidago can re-
duce species richness at the community scale, especially in the 
mid-successional stage, which is characterized by high biomass 
and species richness, where competitive interactions shape the 
structure of plant communities (Bartha et al. 2014; Rehounková 
and Prach 2006).

From our previous findings in the same study site, the mid-
successional stage possesses plant communities with a greater 
number of co-occurring alien plant species (Anibaba et al. 2023). 
These species, when they are abundant, could have an adverse 
impact on diversity indices, and this could result from several 
mechanisms. Firstly, different invasive alien species that are fre-
quent in the mid-successional stage could have varied extents of 
impacts (Hejda, Pyšek, and Jarošík 2009; Pearson et al. 2016), 
therefore a large alien species pool (richness) could increase the 
probability that Solidago has a strong negative impact. Secondly, 
the occurrence of multiple alien species in the mid-successional 
stage could be a signal that one species is altering the abiotic 
environment, thus creating a niche for subsequent invasion by 

more impactful invaders such as Solidago—a case of the inva-
sional meltdown hypothesis (Ricciardi et al.  2013; Simberloff 
and Von Holle 1999).

Our study is in line with some previous studies, while others 
differ. In a study of abandoned agricultural old-fields with 
species composition shaped by long-term anthropogenic influ-
ence and disturbance in Hungary, Bartha et al. (2014) reported 
that dominant species of Calamagrostis and Solidago led to a 
decline in diversity in the mid-successional stage. Similarly, 
Rehounková and Prach (2006) found that perennial grasses and 
forbs were dominant in the mid-successional stage of sponta-
neous vegetation succession in disused gravel-sand pits in the 
Czech Republic. They found that typical species in dry sites 
were C. epigejos, Festuca ovina, Avenella flexuosa, Achillea 
millefolium, and Agrostis capillaris, while Carex brizoides, Poa 
palustris ssp. palustris, and D. cespitosa were typical of wet sites. 
Kompała-Bąba et al.  (2020) studied the impacts of four domi-
nant species (C. epigejos, D. carota, P. compressa, and T. farfara) 
on species and functional diversity in post-coal mining spoil 
heaps and reported that T. farfara resulted in declines in spe-
cies and functional diversity, whereas C. epigejos did not cause 
a decline in species or functional diversity. It should be noted 
that the Kompała-Bąba et al. (2020) study focused on the early-
successional stage, and did not include later stages of succession. 
Besides, Frouz et al.  (2008) found that the cover of T. farfara 
peaked in early succession and steadily declined in later stages 
of succession, whereas that of C. epigejos gradually increased 
in early succession, and became optimum in mid-succession in 
non-reclaimed post-mining sites of Sokolov, Czech Republic. 
Therefore, the claim by Kompała-Bąba et al.  (2020) that C. 
epigejos did not have an impact on species richness and func-
tional diversity agrees with our findings for the early stage of 
succession in post-coal mining sites.

In general, Calamagrostis and Solidago exhibited an exploit-
ative competition mechanism which was visible in the mid-
successional stage of post-coal mining sites—where resources 
become limiting, disturbance is reduced and diversity is high. 
Thus, if an invasive alien species or expansive native species is 
more competitive, it can utilize more of the available resources 
leading to a decline in diversity indices (White, Wilson, and 
Clarke 2006). It has been shown that disturbances such as mow-
ing can reduce the inhibitory tendency of Calamagrostis and 
Solidago in the restoration of landfill sites in Berlin, Germany 
(Rebele and Lehmann 2002).

In the late-successional stage, we found a nonsignificant 
prediction of species richness, Shannon diversity, and func-
tional richness with the cover of Calamagrostis and Solidago. 
Phylogenetic diversity significantly increased with the cover of 
Calamagrostis, and nonsignificant with Solidago cover. It is ex-
pected that because Calamagrostis and Solidago are intolerant 
of full or moderate shade (see Rebele and Lehmann 2001; Weber 
and Jakobs 2005; Werner, Gross, and Bradbury 1980), they will 
not affect diversity indices in the late-successional stage, because 
species present in that stage are dominated by trees, shrubs, and 
shade-tolerant forest herbs. We recorded a high frequency of 
these species adapted to full or moderate shade—U. dioica, I. 
parviflora, G. urbanum, and D. cespitosa. Most importantly I. 
parviflora was recorded in sites not disturbed by flooding, with 
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dense tree canopies. This agrees with the fact that I. parviflora 
is a shade-tolerant species with an effective dispersal strategy 
and is present in late-successional ecosystems (Dyderski and 
Jagodziński  2016; Florianová and Münzbergová  2017; Lanta 
et al. 2022).

5   |   Conclusions

We studied the inhibitory tendencies of Calamagrostis and 
Solidago across successional gradients. We found that the in-
hibitory effects of these herbaceous species on diversity indices 
strongly depended on the successional stage. The impacts of 
Calamagrostis and Solidago on diversity indices were evident in 
the mid-successional stage. This highlights the importance of 
environmental context and successional dynamics for the assess-
ment of ecological impacts of invasive non-native and expansive 
native herbaceous species. Our approach can be applied to other 
invasive alien species and expansive natives with similar ecology 
niches to Solidago canadensis, S. gigantea, and Calamagrostis.

Author Contributions

Quadri A. Anibaba: conceptualization, data curation, methodology, 
formal analysis, visualization, writing – original draft, writing – review 
& editing. Marcin K. Dyderski: conceptualization, methodology, 
writing — review & editing. Gabriela Woźniak: conceptualization, 
methodology, investigation, writing — review & editing. Andrzej M. 
Jagodziński: conceptualization, funding acquisition, writing — re-
view & editing.

Acknowledgements

The study was supported by the Narodowe Centrum Nauki, Grant 
Number: OPUS 2019/35/B/ST10/04141 and the Instytut Dendrologii 
Polskiej Akademii Nauk, Kórnik. We are thankful to the anonymous 
reviewer for valuable comments on the earlier draft of the manuscript.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The data that support the findings of this study are available from the 
corresponding author upon reasonable request.

References

Anibaba, Q. A., M. K. Dyderski, G. Woźniak, and A. M. Jagodziński. 
2023. “Native Plant Community Characteristics Explain Alien Species 
Success in Post-Industrial Vegetation.” NeoBiota 85: 1–22. https://doi.
org/10.3897/neobi​ota.85.97269.

Anibaba, Q. A., M. K. Dyderski, G. Woźniak, and A. M. Jagodzinski. 
2024. “Remote Sensing for Site Selection in Vegetation Survey Along 
a Successional Gradient in Post-Industrial Vegetation.” Ecology and 
Evolution 14: e70200. https://doi.org/10.1002/ece3.70200.

Badraghi, A., M. Krůček, K. Král, et al. 2023. “Woody Species Succession 
and Spontaneous Forest Development in Post-Mining Sites After Coal 
Mining in The Czech Republic.” Ecological Engineering 194: 107051. 
https://doi.org/10.1016/j.ecole​ng.2023.107051.

Bartha, S., S. Szentes, A. Horváth, et al. 2014. “Impact of Mid-
Successional Dominant Species on the Diversity and Progress of 

Succession in Regenerating Temperate Grasslands.” Applied Vegetation 
Science 17: 201–213. https://doi.org/10.1111/avsc.12066.

Bartoń, K. 2022. MuMIn: Multi-Model Inference. https://cran.r-proje​
ct.org/packa​ge=MuMIn.

Bates, D., M. Maechler, B. Bolker, and S. Walker. 2015. “Fitting Linear 
Mixed-Effects Models Using lme4.” Journal of Statistical Software 67: 
1–48. https://doi.org/10.18637/​jss.v067.i01.

Błońska, A., A. Kompała-Bąba, E. Sierka, et al. 2019. “Impact of Selected 
Plant Species on Enzymatic Activity of Soil Substratum on Post-Mining 
Heaps.” Journal of Ecological Engineering 20: 138–144. https://doi.
org/10.12911/​22998​993/93867.

Bradshaw, A. 2000. “The Use of Natural Processes in Reclamation – 
Advantages and Difficulties.” Landscape and Urban Planning 51: 89–
100. https://doi.org/10.1016/S0169​-2046(00)00099​-2.

Brooks, M. E., K. Kristensen, K. J. van Benthem, et al. 2017. “glmmTMB 
Balances Speed and Flexibility Among Packages for Zero-Inflated 
Generalized Linear Mixed Modeling.” R Journal 9: 378–400. https://doi.
org/10.3929/ethz-b-00024​0890.

Cabała, J. M., S. R. Cmiel, and A. F. Idziak. 2004. “Environmental 
Impact of Mining Activity in the Upper Silesian Coal Basin (Poland).” 
Geologica Belgica 7, no. 3–4: 225–229.

Chytrý, M., J. Danihelka, Z. Kaplan, et al. 2021. “Pladias Database of the 
Czech Flora and Vegetation.” Preslia 93: 1–87. https://doi.org/10.23855/​
presl​ia.2021.001.

Connell, J. H., and R. O. Slatyer. 1977. “Mechanisms of Succession 
in Natural Communities and Their Role in Community Stability 
and Organization.” American Naturalist 111: 1119–1144. https://doi.
org/10.1086/283241.

Conradi, T., M. V. J. Henriksen, and J.-C. Svenning. 2021. “Global 
Change, Novel Ecosystems and the Ecological Restoration of Post-
Industrial Areas: The Case of a Former Brown Coal Mine in Søby, 
Denmark.” Applied Vegetation Science 24: e12605. https://doi.
org/10.1111/avsc.12605.

Czortek, P., E. Królak, L. Borkowska, and A. Bielecka. 2023. “Effects 
of Surrounding Landscape on the Performance of Solidago canaden-
sis L. and Plant Functional Diversity on Heavily Invaded Post-
Agricultural Wastelands.” Biological Invasions 25: 2477–2494. https://
doi.org/10.1007/s1053​0-023-03050​-2.

Czortek, P., A. Orczewska, and M. K. Dyderski. 2021. “Niche 
Differentiation, Competition or Habitat Filtering? Mechanisms 
Explaining Co-Occurrence of Plant Species on Wet Meadows of High 
Conservation Value.” Journal of Vegetation Science 32: e12983. https://
doi.org/10.1111/jvs.12983.

Diniz-Filho, J. A. F., C. E. R. de Sant'Ana, and L. M. Bini. 1998. “An 
Eigenvector Method for Estimating Phylogenetic Inertia.” Evolution 52: 
1247–1262. https://doi.org/10.1111/j.1558-5646.1998.tb020​06.x.

Dyderski, M. K., and A. M. Jagodziński. 2016. “Patterns of Plant 
Invasions at Small Spatial Scale Correspond With That at the Whole 
Country Scale.” Urban Ecosystems 19: 983–998. https://doi.org/10.1007/
s1125​2-015-0524-y.

Dyderski, M. K., and A. M. Jagodziński. 2018. “Drivers of Invasive Tree and 
Shrub Natural Regeneration in Temperate Forests.” Biological Invasions 
20: 2363–2379. https://doi.org/10.1007/s1053​0-018-1706-3.

Ellenberg, H., and C. Leuschner. 2010. Vegetation Mitteleuropas Mit Den 
Alpen: In Ökologischer, Dynamischer und Historischer Sicht. Stuttgart: 
UTB.

Erskine, P. D., and A. T. Fletcher. 2013. “Novel Ecosystems Created by 
Coal Mines in Central Queensland's Bowen Basin.” Ecological Processes 
2: 33. https://doi.org/10.1186/2192-1709-2-33.

Fazlioglu, F., G. P. Keskin, O. E. Akcin, and T. Ozbucak. 2021. “Mining 
and Quarrying Activities Tend to Favor Stress-Tolerant Plants.” 

https://doi.org/10.3897/neobiota.85.97269
https://doi.org/10.3897/neobiota.85.97269
https://doi.org/10.1002/ece3.70200
https://doi.org/10.1016/j.ecoleng.2023.107051
https://doi.org/10.1111/avsc.12066
https://cran.r-project.org/package=MuMIn
https://cran.r-project.org/package=MuMIn
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.12911/22998993/93867
https://doi.org/10.12911/22998993/93867
https://doi.org/10.1016/S0169-2046(00)00099-2
https://doi.org/10.3929/ethz-b-000240890
https://doi.org/10.3929/ethz-b-000240890
https://doi.org/10.23855/preslia.2021.001
https://doi.org/10.23855/preslia.2021.001
https://doi.org/10.1086/283241
https://doi.org/10.1086/283241
https://doi.org/10.1111/avsc.12605
https://doi.org/10.1111/avsc.12605
https://doi.org/10.1007/s10530-023-03050-2
https://doi.org/10.1007/s10530-023-03050-2
https://doi.org/10.1111/jvs.12983
https://doi.org/10.1111/jvs.12983
https://doi.org/10.1111/j.1558-5646.1998.tb02006.x
https://doi.org/10.1007/s11252-015-0524-y
https://doi.org/10.1007/s11252-015-0524-y
https://doi.org/10.1007/s10530-018-1706-3
https://doi.org/10.1186/2192-1709-2-33


131

Ecological Indicators 127: 107759. https://doi.org/10.1016/j.ecoli​
nd.2021.107759.

Florianová, A., and Z. Münzbergová. 2017. “Invasive Impatiens parvi-
flora Has Negative Impact on Native Vegetation in Oak-Hornbeam 
Forests.” Flora 226: 10–16. https://doi.org/10.1016/j.flora.2016.11.006.

Foster, B. L., T. L. Dickson, C. A. Murphy, I. S. Karel, and V. H. 
Smith. 2004. “Propagule Pools Mediate Community Assembly 
and Diversity-Ecosystem Regulation Along a Grassland 
Productivity Gradient.” Journal of Ecology 92: 435–449. https://doi.
org/10.1111/j.0022-0477.2004.00882.x.

Frouz, J., K. Prach, V. Pižl, et al. 2008. “Interactions Between Soil 
Development, Vegetation and Soil Fauna During Spontaneous 
Succession in Post Mining Sites.” European Journal of Soil Biology 44: 
109–121. https://doi.org/10.1016/j.ejsobi.2007.09.002.

Fu, R., L. Dai, Z. Zhang, and G. Hu. 2023. “Community Assembly 
Along a Successional Chronosequence in the Northern Tropical Karst 
Mountains, South China.” Plant and Soil 491: 317–331. https://doi.
org/10.1007/s1110​4-023-06118​-z.

Gotelli, N. J. 2000. “Null Model Analysis of Species Co-Occurrence 
Patterns.” Ecology 81: 2606–2621. https://doi.org/10.1890/0012-
9658(2000)081[2606:NMAOS​C]2.0.CO;2.

Hegedüšová, K., and D. Senko. 2011. “Successional Changes of Dry 
Grasslands in Southwestern Slovakia After 46 Years of Abandonment.” 
Plant Biosystems - An International Journal Dealing with all Aspects of Plant 
Biology 145: 666–687. https://doi.org/10.1080/11263​504.2011.601605.

Hejda, M., P. Pyšek, and V. Jarošík. 2009. “Impact of Invasive 
Plants on the Species Richness, Diversity and Composition of 
Invaded Communities.” Journal of Ecology 97: 393–403. https://doi.
org/10.1111/j.1365-2745.2009.01480.x.

Hobbs, R. J., S. Arico, J. Aronson, et al. 2006. “Novel Ecosystems: 
Theoretical and Management Aspects of the New Ecological 
World Order.” Global Ecology and Biogeography 15: 1–7. https://doi.
org/10.1111/j.1466-822X.2006.00212.x.

Hobbs, R. J., E. Higgs, and J. A. Harris. 2009. “Novel Ecosystems: 
Implications for Conservation and Restoration.” Trends in Ecology & 
Evolution 24: 599–605. https://doi.org/10.1016/j.tree.2009.05.012.

Hodačová, D., and K. Prach. 2003. “Spoil Heaps From Brown 
Coal Mining: Technical Reclamation Versus Spontaneous 
Revegetation.” Restoration Ecology 11: 385–391. https://doi.
org/10.1046/j.1526-100X.2003.00202.x.

Huston, M., and T. Smith. 1987. “Plant Succession: Life History 
and Competition.” American Naturalist 130: 168–198. https://doi.
org/10.1086/284704.

Jańczyk-Węglarska, J. 1996. Strategie rozwoju osobniczego Calamagrostis 
epigeios (L.) Roth na tle warunków ekologicznych poznańskiego przełomu 
Warty. Poznań: Wydawnictwo Naukowe UAM, Poznań.

Jin, Y., and H. Qian. 2022. “U.PhyloMaker: An R Package That Can 
Generate Large Phylogenetic Trees for Plants and Animals.” Plant 
Diversity 45: 347–352. https://doi.org/10.1016/j.pld.2022.12.007.

Kembel, S. W., D. D. Ackerly, S. P. Blomberg, et al. 2020. picante: 
Integrating Phylogenies and Ecology. https://cran.r-proje​ct.org/packa​
ge=picante.

Kleyer, M., R. m. Bekker, I. C. Knevel, et al. 2008. “The LEDA 
Traitbase: A Database of Life-History Traits of the Northwest 
European Flora.” Journal of Ecology 96: 1266–1274. https://doi.
org/10.1111/j.1365-2745.2008.01430.x.

Klotz, S., I. Kühn, W. Durka, and G. Briemle. 2002. BIOLFLOR: Eine 
Datenbank mit biologisch-ökologischen Merkmalen zur Flora von 
Deutschland. Bonn: Bundesamt für Naturschutz.

Kompała-Bąba, A., W. Bierza, A. Błońska, et al. 2019. “Vegetation 
Diversity on Coal Mine Spoil Heaps – How Important Is the Texture of 

the Soil Substrate?” Biologia 74: 419–436. https://doi.org/10.2478/s1175​
6-019-00218​-x.

Kompała-Bąba, A., E. Sierka, M. K. Dyderski, et al. 2020. “Do 
the Dominant Plant Species Impact the Substrate and Vegetation 
Composition of Post-Coal Mining Spoil Heaps?” Ecological Engineering 
143: 105685. https://doi.org/10.1016/j.ecole​ng.2019.105685.

Laliberté, E., and P. Legendre. 2010. “A Distance-Based Framework 
for Measuring Functional Diversity From Multiple Traits.” Ecology 91: 
299–305.

Laliberté, E., P. Legendre, and B. Shipley. 2022. FD: Measuring 
Functional Diversity (FD) from Multiple Traits, and Other Tools for 
Functional Ecology. https://cran.r-proje​ct.org/packa​ge=FD.

Lanta, V., P. Liancourt, J. Altman, et al. 2022. “Determinants of Invasion 
by Single Versus Multiple Plant Species in Temperate Lowland Forests.” 
Biological Invasions 24: 2513–2528. https://doi.org/10.1007/s1053​0-022-
02793​-8.

Li, T., H. Yang, X. Yang, et al. 2022. “Community Assembly During 
Vegetation Succession After Metal Mining Is Driven by Multiple 
Processes With Temporal Variation.” Ecology and Evolution 12: e8882. 
https://doi.org/10.1002/ece3.8882.

Lindenmayer, D. B., J. Fischer, A. Felton, et al. 2008. “Novel Ecosystems 
Resulting From Landscape Transformation Create Dilemmas for 
Modern Conservation Practice.” Conservation Letters 1: 129–135. 
https://doi.org/10.1111/j.1755-263X.2008.00021.x.

Londo, G. 1976. “The Decimal Scale for Releves of Permanent Quadrats.” 
Vegetatio 33: 61–64. https://doi.org/10.1007/BF000​55300.

Lüdecke, D. 2018. “ggeffects: Tidy Data Frames of Marginal Effects 
From Regression Models.” Journal of Open Source Software 3: 772. 
https://doi.org/10.21105/​joss.00772.

Lüdecke, D., M. S. Ben-Shachar, I. Patil, P. Waggoner, and D. Makowski. 
2021. “Performance: An R Package for Assessment, Comparison and 
Testing of Statistical Models.” Journal of Open Source Software 6: 3139. 
https://doi.org/10.21105/​joss.03139.

Maitner, B. S., B. Boyle, N. Casler, et al. 2018. “The BIEN R Package: A 
Tool to Access the Botanical Information and Ecology Network (BIEN) 
Database.” Methods in Ecology and Evolution 9: 373–379. https://doi.
org/10.1111/2041-210X.12861.

Marozas, V., J. Racinskas, and E. Bartkevicius. 2007. “Dynamics of 
Ground Vegetation After Surface Fires in Hemiboreal Pinus sylves-
tris Forests.” Forest Ecology and Management 250: 47–55. https://doi.
org/10.1016/j.foreco.2007.03.008.

Maus, V., S. Giljum, D. M. da Silva, et al. 2022. “An Update on Global 
Mining Land Use.” Scientific Data 9: 433. https://doi.org/10.1038/s4159​
7-022-01547​-4.

Mudrák, O., J. Doležal, and J. Frouz. 2016. “Initial Species Composition 
Predicts the Progress in the Spontaneous Succession on Post-Mining 
Sites.” Ecological Engineering 95: 665–670. https://doi.org/10.1016/j.
ecole​ng.2016.07.002.

Mudrák, O., J. Frouz, and V. Velichová. 2010. “Understory Vegetation 
in Reclaimed and Unreclaimed Post-Mining Forest Stands.” 
Ecological Engineering 36: 783–790. https://doi.org/10.1016/j.ecole​
ng.2010.02.003.

Oksanen, J., G. L. Simpson, F. G. Blanchet, et al. 2022. vegan: 
Community Ecology Package.

Pacala, S. W., and D. Tilman. 1994. “Limiting Similarity in 
Mechanistic and Spatial Models of Plant Competition in Heterogeneous 
Environments.” American Naturalist 143: 222–257. https://doi.
org/10.1086/285602.

Pavoine, S., A. Gasc, M. B. Bonsall, and N. W. H. Mason. 2013. 
“Correlations Between Phylogenetic and Functional Diversity: 
Mathematical Artefacts or True Ecological and Evolutionary 

https://doi.org/10.1016/j.ecolind.2021.107759
https://doi.org/10.1016/j.ecolind.2021.107759
https://doi.org/10.1016/j.flora.2016.11.006
https://doi.org/10.1111/j.0022-0477.2004.00882.x
https://doi.org/10.1111/j.0022-0477.2004.00882.x
https://doi.org/10.1016/j.ejsobi.2007.09.002
https://doi.org/10.1007/s11104-023-06118-z
https://doi.org/10.1007/s11104-023-06118-z
https://doi.org/10.1890/0012-9658(2000)081%5B2606:NMAOSC%5D2.0.CO;2
https://doi.org/10.1890/0012-9658(2000)081%5B2606:NMAOSC%5D2.0.CO;2
https://doi.org/10.1080/11263504.2011.601605
https://doi.org/10.1111/j.1365-2745.2009.01480.x
https://doi.org/10.1111/j.1365-2745.2009.01480.x
https://doi.org/10.1111/j.1466-822X.2006.00212.x
https://doi.org/10.1111/j.1466-822X.2006.00212.x
https://doi.org/10.1016/j.tree.2009.05.012
https://doi.org/10.1046/j.1526-100X.2003.00202.x
https://doi.org/10.1046/j.1526-100X.2003.00202.x
https://doi.org/10.1086/284704
https://doi.org/10.1086/284704
https://doi.org/10.1016/j.pld.2022.12.007
https://cran.r-project.org/package=picante
https://cran.r-project.org/package=picante
https://doi.org/10.1111/j.1365-2745.2008.01430.x
https://doi.org/10.1111/j.1365-2745.2008.01430.x
https://doi.org/10.2478/s11756-019-00218-x
https://doi.org/10.2478/s11756-019-00218-x
https://doi.org/10.1016/j.ecoleng.2019.105685
https://cran.r-project.org/package=FD
https://doi.org/10.1007/s10530-022-02793-8
https://doi.org/10.1007/s10530-022-02793-8
https://doi.org/10.1002/ece3.8882
https://doi.org/10.1111/j.1755-263X.2008.00021.x
https://doi.org/10.1007/BF00055300
https://doi.org/10.21105/joss.00772
https://doi.org/10.21105/joss.03139
https://doi.org/10.1111/2041-210X.12861
https://doi.org/10.1111/2041-210X.12861
https://doi.org/10.1016/j.foreco.2007.03.008
https://doi.org/10.1016/j.foreco.2007.03.008
https://doi.org/10.1038/s41597-022-01547-4
https://doi.org/10.1038/s41597-022-01547-4
https://doi.org/10.1016/j.ecoleng.2016.07.002
https://doi.org/10.1016/j.ecoleng.2016.07.002
https://doi.org/10.1016/j.ecoleng.2010.02.003
https://doi.org/10.1016/j.ecoleng.2010.02.003
https://doi.org/10.1086/285602
https://doi.org/10.1086/285602


132 Land Degradation & Development, 2025

Processes?” Journal of Vegetation Science 24: 781–793. https://doi.
org/10.1111/jvs.12051.

Pearson, D. E., Y. K. Ortega, Ö. Eren, and J. L. Hierro. 2016. “Quantifying 
“Apparent” Impact and Distinguishing Impact From Invasiveness in 
Multispecies Plant Invasions.” Ecological Applications 26: 162–173. 
https://doi.org/10.1890/14-2345.

Penone, C., A. D. Davidson, K. T. Shoemaker, et al. 2014. “Imputation of 
Missing Data in Life-History Trait Datasets: Which Approach Performs 
the Best?” Methods in Ecology and Evolution 5: 961–970. https://doi.
org/10.1111/2041-210X.12232.

Prach, K. 2003. “Spontaneous Succession in Central-European Man-
Made Habitats: What Information Can Be Used in Restoration Practice?” 
Applied Vegetation Science 6: 125–129. https://doi.org/10.1111/j.1654-
109X.2003.tb005​72.x.

Prach, K., K. Lencová, K. Řehounková, et al. 2013. “Spontaneous 
Vegetation Succession at Different Central European Mining Sites: 
A Comparison Across Seres.” Environmental Science and Pollution 
Research 20: 7680–7685. https://doi.org/10.1007/s1135​6-013-1563-7.

Prach, K., and P. Pyšek. 2001. “Using Spontaneous Succession for 
Restoration of Human-Disturbed Habitats: Experience From Central 
Europe.” Ecological Engineering 17: 55–62. https://doi.org/10.1016/
S0925​-8574(00)00132​-4.

R Core Team. 2023. R: A Language and Environment for Statistical 
Computing. R Foundation for Statistical Computing: Vienna, Austria.

Rebele, F. 2013. “Differential Succession Towards Woodland Along a 
Nutrient Gradient.” Applied Vegetation Science 16: 365–378. https://doi.
org/10.1111/avsc.12006.

Rebele, F., and C. Lehmann. 2001. “Biological Flora of Central Europe: 
Calamagrostis epigejos (L.) Roth.” Flora 196: 325–344. https://doi.
org/10.1016/S0367​-2530(17)30069​-5.

Rebele, F., and C. Lehmann. 2002. “Restoration of a Landfill Site in 
Berlin, Germany by Spontaneous and Directed Succession.” Restoration 
Ecology 10: 340–347. https://doi.org/10.1046/j.1526-100X.2002.01026.x.

Rehounková, K., and K. Prach. 2006. “Spontaneous Vegetation 
Succession in Disused Gravel-Sand Pits: Role of Local Site and 
Landscape Factors.” Journal of Vegetation Science 17: 583–590. https://
doi.org/10.1111/j.1654-1103.2006.tb024​82.x.

Ricciardi, A., M. F. Hoopes, M. P. Marchetti, and J. L. Lockwood. 
2013. “Progress Toward Understanding the Ecological Impacts of 
Nonnative Species.” Ecological Monographs 83: 263–282. https://doi.
org/10.1890/13-0183.1.

Santos, T. 2018. PVR: Phylogenetic Eigenvectors Regression and 
Phylogentic Signal-Representation Curve. https://cran.r-proje​ct.org/
packa​ge=PVR.

Šebelíková, L., G. Csicsek, A. Kirmer, et al. 2019. “Spontaneous 
Revegetation Versus Forestry Reclamation—Vegetation Development 
in Coal Mining Spoil Heaps Across Central Europe.” Land Degradation 
& Development 30: 348–356. https://doi.org/10.1002/ldr.3233.

Simberloff, D., and B. Von Holle. 1999. “Positive Interactions of 
Nonindigenous Species: Invasional Meltdown?” Biological Invasions 1: 
21–32. https://doi.org/10.1023/A:10100​86329619.

Somodi, I., K. Virágh, and J. Podani. 2008. “The Effect of the Expansion 
of the Clonal Grass Calamagrostis epigejos on the Species Turnover of a 
Semi-Arid Grassland.” Applied Vegetation Science 11: 187–192. https://
doi.org/10.3170/2008-7-18354.

Stefanowicz, A. M., P. Kapusta, A. Błońska, A. Kompała-Bąba, and G. 
Woźniak. 2015. “Effects of Calamagrostis epigejos, Chamaenerion palus-
tre and Tussilago farfara on Nutrient Availability and Microbial Activity 
in the Surface Layer of Spoil Heaps After Hard Coal Mining.” Ecological 
Engineering 83: 328–337. https://doi.org/10.1016/j.ecole​ng.2015.06.034.

Stekhoven, D. J. 2022. missForest: Nonparametric Missing Value 
Imputation using Random Forest. https://cran.r-proje​ct.org/packa​
ge=missF​orest.

Swenson, N. G. 2014. Functional and Phylogenetic Ecology in R. New 
York, NY: Springer.

Szczepańska, J. 1987. “Zwałowiska odpadów górnictwa węgla kami-
ennego, jako ogniska zanieczyszczeń środowiska wodnego.” Zeszyty 
Naukowe AGH w Krakowie, Geologia 35: 35–68.

Thomsen, M. S., T. Wernberg, P. M. South, and D. R. Schiel. 2016. “To 
Include or Not to Include (The Invader in Community Analyses)? 
That Is the Question.” Biological Invasions 18: 1515–1521. https://doi.
org/10.1007/s1053​0-016-1102-9.

van Andel, J. 2013. “Novel Ecosystems: Intervening in the New 
Ecological World Order.” Restoration Ecology 21: 523–525. https://doi.
org/10.1111/rec.12031.

van Kleunen, M., M. Fischer, and B. Schmid. 2001. “Effects of 
Intraspecific Competition on Size Variation and Reproductive 
Allocation in a Clonal Plant.” Oikos 94: 515–524. https://doi.
org/10.1034/j.1600-0706.2001.940313.x.

Vaverková, M. D., M. Radziemska, S. Bartoň, A. Cerdà, and E. Koda. 
2018. “The Use of Vegetation as a Natural Strategy for Landfill 
Restoration.” Land Degradation & Development 29: 3674–3680. https://
doi.org/10.1002/ldr.3119.

Walker, L. R., and R. del Moral. 2003. Primary Succession and Ecosystem 
Rehabilitation. Cambridge: Cambridge University Press. https://doi.
org/10.1017/CBO97​80511​615078.

Weber, E., and G. Jakobs. 2005. “Biological Flora of Central 
Europe: Solidago gigantea Aiton.” Flora - Morphology, Distribution, 
Functional Ecology of Plants 200: 109–118. https://doi.org/10.1016/j.
flora.2004.09.001.

Werner, P. A., R. S. Gross, and I. K. Bradbury. 1980. “The Biology of 
Canadian Weeds. 45. Solidago canadensis L.” Canadian Journal of Plant 
Science 60: 1393–1409. https://doi.org/10.4141/cjps8​0-194.

White, E. M., J. C. Wilson, and A. R. Clarke. 2006. “Biotic Indirect Effects: 
A Neglected Concept in Invasion Biology.” Diversity and Distributions 
12: 443–455. https://doi.org/10.1111/j.1366-9516.2006.00265.x.

Wiegleb, G., and B. Felinks. 2001. “Predictability of Early Stages of 
Primary Succession in Post-Mining Landscapes of Lower Lusatia, 
Germany.” Applied Vegetation Science 4: 5–18. https://doi.org/10.1111/
j.1654-109X.2001.tb002​29.x.

Woźniak, G. 2010. Zróżnicowanie roślinności na zwałach pogórniczych 
Górnego Śląska [Diversity of Vegetation on Coal-Mine Heaps of the 
Upper Silesia (Poland)]. Kraków: W. Szafer Institute of Botany, Polish 
Academy of Sciences.

Woźniak, G., D. Chmura, E. Małkowski, et al. 2021. “Is the Age of Novel 
Ecosystem the Factor Driving Arbuscular Mycorrhizal Colonization in 
Poa compressa and Calamagrostis epigejos?” Plants 10: 949. https://doi.
org/10.3390/plant​s1005​0949.

Woźniak, G., M. K. Dyderski, A. Kompała-Bąba, et al. 2021. “Use of 
Remote Sensing to Track Postindustrial Vegetation Development.” Land 
Degradation & Development 32: 1426–1439. https://doi.org/10.1002/
ldr.3789.

Supporting Information

Additional supporting information can be found online in the 
Supporting Information section.

https://doi.org/10.1111/jvs.12051
https://doi.org/10.1111/jvs.12051
https://doi.org/10.1890/14-2345
https://doi.org/10.1111/2041-210X.12232
https://doi.org/10.1111/2041-210X.12232
https://doi.org/10.1111/j.1654-109X.2003.tb00572.x
https://doi.org/10.1111/j.1654-109X.2003.tb00572.x
https://doi.org/10.1007/s11356-013-1563-7
https://doi.org/10.1016/S0925-8574(00)00132-4
https://doi.org/10.1016/S0925-8574(00)00132-4
https://doi.org/10.1111/avsc.12006
https://doi.org/10.1111/avsc.12006
https://doi.org/10.1016/S0367-2530(17)30069-5
https://doi.org/10.1016/S0367-2530(17)30069-5
https://doi.org/10.1046/j.1526-100X.2002.01026.x
https://doi.org/10.1111/j.1654-1103.2006.tb02482.x
https://doi.org/10.1111/j.1654-1103.2006.tb02482.x
https://doi.org/10.1890/13-0183.1
https://doi.org/10.1890/13-0183.1
https://cran.r-project.org/package=PVR
https://cran.r-project.org/package=PVR
https://doi.org/10.1002/ldr.3233
https://doi.org/10.1023/A:1010086329619
https://doi.org/10.3170/2008-7-18354
https://doi.org/10.3170/2008-7-18354
https://doi.org/10.1016/j.ecoleng.2015.06.034
https://cran.r-project.org/package=missForest
https://cran.r-project.org/package=missForest
https://doi.org/10.1007/s10530-016-1102-9
https://doi.org/10.1007/s10530-016-1102-9
https://doi.org/10.1111/rec.12031
https://doi.org/10.1111/rec.12031
https://doi.org/10.1034/j.1600-0706.2001.940313.x
https://doi.org/10.1034/j.1600-0706.2001.940313.x
https://doi.org/10.1002/ldr.3119
https://doi.org/10.1002/ldr.3119
https://doi.org/10.1017/CBO9780511615078
https://doi.org/10.1017/CBO9780511615078
https://doi.org/10.1016/j.flora.2004.09.001
https://doi.org/10.1016/j.flora.2004.09.001
https://doi.org/10.4141/cjps80-194
https://doi.org/10.1111/j.1366-9516.2006.00265.x
https://doi.org/10.1111/j.1654-109X.2001.tb00229.x
https://doi.org/10.1111/j.1654-109X.2001.tb00229.x
https://doi.org/10.3390/plants10050949
https://doi.org/10.3390/plants10050949
https://doi.org/10.1002/ldr.3789
https://doi.org/10.1002/ldr.3789

	The Inhibitory Tendency of Calamagrostis epigejos and Solidago spp. Depends on the Successional Stage in Postindustrial Vegetation
	ABSTRACT
	1   |   Introduction
	2   |   Materials and Methods
	2.1   |   Studied Species
	2.2   |   Description of the Study Site
	2.3   |   Study Design and Vegetation Sampling
	2.4   |   Data Processing
	2.5   |   Data Analyses

	3   |   Results
	3.1   |   The Impact of Calamagrostis Cover on Diversity Indices Across Successional Stages
	3.2   |   The Impact of Solidago Cover on Diversity Indices Across Successional Stages

	4   |   Discussion
	5   |   Conclusions
	Author Contributions
	Acknowledgements
	Conflicts of Interest
	Data Availability Statement
	References


