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Abstract

:

Research Highlights: The factors that control the spread and regeneration of Quercus rubra (L.) and the functional diversity of invaded forest were studied in order to indicate the significant role of disturbances in a forest and the low functional richness and evenness of sites that are occupied by red oak. Background and Objectives: Red oak is one of the most frequent invasive trees from North America in Central Europe. It is also one of the most efficient self-regenerating invasive alien species in forests. The main goal of the study is to identify the characteristics of forest communities with a contribution of Q. rubra, and to assess its role in shaping the species diversity of these novel phytocoenoses. Materials and Methods: A total of 180 phytosociological records that have a share of Q. rubra in southern Poland were collected, including 100 randomly chosen plots from which soil samples were taken. In addition, vegetation sampling was performed in 55 plots in the vicinities that were uninvaded. Results: The probability of the self-regeneration and cover of Q. rubra seedlings depends mainly on the availability of maternal trees, and the abundance of seedlings was highest in cutting areas. The vegetation with Q. rubra differed in the plant functional types and environmental factors. According to the three-table ordination method, while the cover of red oak only affected the canopy of the remaining species, a comparison of the invaded and uninvaded plots demonstrated that the sites that were occupied by Q. rubra had lower values of functional richness and evenness, thus indicating higher habitat filtering and a lower importance of competition. Conclusions: Forest management practices play the most crucial role in the self-regeneration and occurrence of Q. rubra. However, the role of red oak in shaping the species composition and functional diversity is rather low.
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1. Introduction


Among invasive alien species, woody plants, including trees, are a specific group that comprise a substantial proportion of invasive species worldwide [1]. Forestry and horticulture are the main causes of the invasion success of this group of plants [2]. However, there is a lack of case studies that explain all of the aspects of the invasiveness of a specific species. A few examples are some cultivated oaks that are native to North America, as well as Quercus palustris Münchh. and Q. rubra (L.) in Europe. The latter has the status of an invasive species in the Czech Republic [3], Slovenia [4], Poland [5], and Lithuania [6]. It is also potentially invasive in Germany [7], Slovakia [8], The Netherlands [9], Belgium [10], and Bulgaria [11]. It is believed to be invasive, sensu Richardson et al. [12], due to its spontaneous spread after its introduction, and has negative impact on native biota, including plants, arthropods, and soil biota [6,9,13,14,15]. This tree was introduced into Europe in 1691 and into Poland in 1798 and 1805 [16,17]. The alien Quercus rubra L. is preferred over native oaks, such as Q. robur L. and Q. petraea (Matt.) Liebl., by European foresters, because of its faster growth (up to 60% higher) compared to indigenous oaks, which thereby yields earlier profits for forestry managers [7,18]. Northern red oak is frequently used to establish silvopastoral systems, because it provides more favourable light conditions in autumn and early spring and shade in autumn, thus contributing to a reduction of evapotranspiration [19,20,21]. It was introduced in the Netherlands and Poland as a good timber-producing tree species on poor, sandy soils [5,7,9]. In its natural range, i.e., throughout eastern North America, its spread is dispersed by jays or red squirrels [22]. In an alien range, the presence of this tree species is the result of cultivation, especially along alleys, and its further spontaneous spread also depends on birds [23], although the precise regeneration mechanisms of the tree species are not fully known. Regeneration may be a crucial factor in the invasion success of northern red oak, and consequently enhances the reduction of native biodiversity by this species. Experiments conducted in Poland have shown that planting late-successional tree species that cast dense shade can hamper the regeneration of red oak [24]. In invaded forests, Q. rubra represents a “conservative strategy”, and usually has higher total biomass and higher root mass fraction than native trees [25]. Although the total forest area that is occupied by this species is relatively low (0.16%), it is present in over 80,000 localities [16]. Due to its high frequency and the resources of this tree in forests in Poland, many forest communities undergo changes that are associated with the impact of this species. The forest communities that can be classified by traditional Braun–Blanquet approach have started to lose their natural physiognomy and functionality over time. Instead of natural and semi-natural forests, novel forest communities have been formed. Such forests can be more species-poor than natural forests, and are characterised by a lower functional diversity. They are more similar to forest croplands and tree monocultures than to spontaneously developed forests. The main goal of the study is to identify the characteristics of forest communities that have a contribution of Q. rubra, and to assess the role of this species in shaping the species diversity and functional diversity of these novel phytocoenoses. The following hypotheses were formulated: (1) disturbances in forest areas are more important for the self-regeneration of red oak than the type of habitat; (2) the diversity of Q. rubra phytocoenoses is rather functional diversity, which ranges across the trophy gradient; (3) because red oak has an impact on the plant traits of the native species, it negatively affects the functional diversity within a community; and (4) non-invaded phytocoenoses are characterised by a higher functional diversity than those that have been invaded by Q. rubra.




2. Materials and Methods


2.1. Study Area


The Silesian Upland (Figure 1), which is situated in southern Poland, forms a macroregion that occupies an area of approximately 4000 km2. According to the division of Poland into physical–geographical regions [25], the Silesian Upland consists of the following five mezoregions: the Chełm Ridge (50°27′57″ N, 18°21′04″ E), the Tarnowskie Góry Ridge (50°25′01″ N, 19°05′03″ E), the Katowice Upland (50°18′59″ N, 18°56′58″ E), the Jaworzno Hills (50°10′20″ N, 19°19′05″ E), and the Rybnik Plateau (50°06′59″ N, 18°31′59″ E). The carboniferous formations that form the basic geological structure of the region are covered with Triassic and Jurassic deposits in the northern and eastern parts of the region [26]. Quaternary deposits, which are sometimes several metres thick, are the remnants of two glaciations [27,28]. The water divide between the catchment basins of the two major rivers of Poland runs through the study area. The western part belongs to the basin of the Oder River, and the southeastern belongs to the basin of the Vistula River. The diversity of its natural resources has determined the way in which the region developed. The most important mineral, past and present, has been black coal (the Rybnik Plateau and Katowice Upland), as well as silver, lead, and zinc ore (the Tarnowskie Góry Ridge and the Jaworzno Hills). The processing industries that are connected with their exploitation also developed here. Some other important mineral resources are dolomites, sand, gravel, and clay. Because of the intense industrial activity, many different anthropogenic morphological forms have developed, including coal and heavy metal spoils, sand and clay pits, quarries, subsidence, and depressions of the surface. The urban–industrial activity is concentrated in the central and southwestern part of the Silesian Upland (the Katowice Upland, the Rybnik Plateau, and part of the Tarnowskie Góry Ridge), while in the western and northern part of the region, agricultural and forest areas still prevail [29].




2.2. Data Collection


This study is based on data that was collected mainly during the vegetation seasons of 2008–2011, and which was completed in 2017–2019. A total of 54 forest complexes of the Silesian Upland were searched for presence/absence data for Q. rubra (L.). In the end, the species was found in 47 of the forests (Figure 1). The sites were selected using a stratified random sampling, in order to cover all five of the mesoregions and the types of forests. The search for Q. rubra stands within a forest complex was random.



Fieldwork was carried out in the following types of habitats in forested areas, and was distinguished based on the type of disturbance, i.e., its natural or anthropogenic character:



	
Forest interiors: dense patches of a forest community at least 50 m away from any disturbed sites, e.g., forest roadsides and margins;



	
Forest roadsides: non-forest habitats that are associated with transport routes (forest paths, edges of roads, and railways). In addition, fringes of drainage and fire-control ditches were included;



	
Forest margins: non-forest habitats of a natural or semi-natural origin (borders of a forest area, contact zones with meadows, grasslands and scrub communities, or a contact zone with arable fields). These habitats differ from forest roadsides, due to the fact that the forest habitat is present only on one side;



	
Cutting areas: clearings, forest meadows, woodland glades, felling sites, and ruderal sites (dumping sites).






This classification is based on land use in forest areas. It corresponds with the classification of habitats that was used by Pyšek et al. [30]. In the present study, these are referred to as forest habitats. The second classification of forests is associated with the forest site types [31], including the type of soil, the granulometric composition of the soil, soil origin, moisture, trophy, the content of humus, and the dominant overstory species, for which a modified and simplified classification was used.



All of the stands were divided into four types, which are referred to as forest site types: deciduous forests (fresh and moist broad-leaved forests, wet deciduous forests, alder forests), mixed deciduous forests (fresh and wet mixed deciduous forests), coniferous forests (fresh and wet coniferous forests), and mixed coniferous forests (fresh and wet mixed deciduous forests, as well as all of the disturbed mixed coniferous forests).



The presence of the species within a given site was recorded for each habitat type. Independent of which type of habitat or in which phase of the life-cycle Q. rubra was recorded, it was regarded as a stand of the species. Individuals of Q. rubra were divided into three categories and defined as seedlings and small saplings (the presence of Northern red oak in the herb layer; saplings; large saplings or small trees (its presence in the shrub layer and mature trees, as well as its presence in the tree layer, including both blooming and fruiting individuals and non-fruiting individuals). In a stand of northern red oak, its abundance was estimated visually using the percent scale: 0%, 2%, 5%, 10%, 20%, …, 100%. Its abundance was assessed in a sample 10 m × 10 m plot for the forest interiors and in plots of mostly linear shapes that had been established in other habitats (forest roads, paths, forest margins, and cutting areas), which were 4 m × 25 m belts and had an approximate area of 100 m2. In the forest interiors, the cover abundance of other species was also estimated for each species that was present on a site.



For the complete phytosociological data set, community-weighted means of the Ellenberg indicator values (EIVs) were computed for light (L), temperature (T), soil moisture (F), soil reaction (R), and nitrogen (N), according to [32]. The plant traits were also collected for all of the species that were present in the phytosociological records. These were seed mass, specific leaf area (SLA), leaf dry mass, seed dispersal syndrome (wind, zoochory, autochory), perennial vs. annual nature, and competition, based on the Grime strategy. The data were collected from the LEDA Traitbase: database of life-history traits of the Northwest European flora [33] and Grime et al. [34] (Table 1).



Of the 180 plots in the forest interiors, soil samples were taken from 100 plots. In each plot, four subsamples were collected from the corners, and one subsample from the middle of the plot (from 0–10 cm of the topsoil). Next, they were mixed into one composite sample. The following parameters were determined: pH, measured potentiometrically in H2O (ph.aqua) and in KCl; and total organic C (%), according to the Tiurin method (Corg). In addition, loss on ignition (LOS) was determined in a muffle furnace (%), and total N content (NT; %) was assessed using the Kjeldahl method, whereas available magnesium (Mg) was determined using flame atomic absorption spectrometry. Available phosphorus (P) was analysed using the colorimetry method, sodium (Na) and potassium (K) were detected using flame emission spectroscopy, and Ca by spectrophotometry in 1 N ammonium acetate (mg/kg) To characterise the light conditions under the tree canopy layer (openings), a canopy scope was used [35] with our own modifications [36]. The list of environmental variables is shown in Table 1.




2.3. Statistical Analysis


All statistics and visualisations were performed using the R language and environment [37]. To identify the factors that influence the regeneration of Q. rubra (response variable: presence of seedlings), a generalised linear model (GLM) with a binomial distribution, corresponding with the logistic regression with glm () function, was used in the “stats” package. The type of forest habitat, forest site type, and cover of Q. rubra in the tree and shrub layers were also considered to be explanatory variables (covariates). Any interactions between the last two covariates was also determined. In order to examine the significance of the factors that control the cover abundance of Q. rubra seedlings, the same covariates were taken into account in the linear mixed-effect model (LMM) with a Gaussian distribution (“lme4” package) [38]. In addition, in the LMM, the forest complex was considered to be a random effect, and the remaining covariates as fixed effects. In order to select the best-fit models with the lowest corrected Akaike information (AICc) and the lowest delta (Δ), any criterion with Δ < 2 was included using the “dredge” function (“MuMIn” package) [39] (Table A1). The significance of the final model with the presentation of Wald chi-square statistics and p-values of each covariates were done using the “car” package [40]. The Spearman rank correlation test was used to estimate the magnitude of the relationship between the cover of seedlings and the cover of Q. rubra in the shrub and tree layers. The coefficients of the best-fitted models were shown in Table A2 and Table A3.



To explore the diversity of the vegetation that had been invaded by Q. rubra, cluster analysis (CA) was performed. As the distance measures, the Kulczynski index and Ward method were adopted as a way for grouping. The Calinsky–Harabasz criterion enabled the optimal number of clusters to be distinguished (“vegan” package) [41]. The indicatory species for each the vegetation units were determined using an indicator species analysis (ISA) using the “indicspecies” package [42]. The IndVal value and p-values were also computed. In order to assess the relationship between the vegetation diversity and plant traits, as well as the EIVs, a detrended correspondence analysis (DCA) was run as the length of a gradient (expressed as the length of the first axis), and was more than 4.0 Standard Deviation units. The passive projection of species attributes onto ordination was performed using the vector fitting and permutation test (999 iterations, “vegan” package).



In order to estimate the impact of the cover abundance of Q. rubra and other environmental factors on the plant traits of the vegetation that has been invaded by red oak, the three-table ordination method, the so-called “RLQ”, was used with the “ade4” package [43]. This statistical analysis used three tables: the species abundance (L) data, environmental data (R), and the species traits (Q) [44]. Data from 100 plots and 162 species was used as the L matrix, and the R matrix included 16 environmental factors (soil parameters and openings); the cover of Q. rubra in each layer of a community (tree: QR.A, shrub: QR.B, herb layer: (QR.C) and cumulative cover Q.TOT) was added to the R matrix, while it was simultaneously excluded from the L table. The Q matrix contained 14 variables of the 162 species mentioned above (Table 1). The rows of L correspond to the rows of R, and the columns of L correspond to the rows of Q. The significance of the model was tested using fourth-corner statistics with 999 permutations, in order to assess the significance of the link between the environmental variables and plant traits.



Phytosociological records were done in the vicinity of the 55 plots that had been invaded by Q. rubra using the same procedure (100 m2 and the same visual estimates of species cover); however, the sites were not invaded by the species. The components of functional diversity (FD) were computed for all of the paired plots, including functional richness (FRic), functional evenness (FEve), and functional divergence (FDiv) [45], as well as functional dispersion (FDis) using the “FD” package [46]. It was assumed that functional richness (FRic) can be interpreted as a measure of the size of the potentially available, functional space in which niches can be occupied by plants. Therefore, it indicated low habitat filtering. Functional evenness (FEve), which is a measure of niche overlap and functional divergence (FDiv), which is the degree of functional heterogeneity, can be treated as signs of competition in a community [47,48]. The Wilcoxon paired test was used to determine the significance of the differences in the FD components between the plots that had been or had not been invaded by Q. rubra.





3. Results


3.1. The Factors that Control the Regeneration and Abundance of Q. rubra Seedlings


Both models for regeneration (the presence of Q. rubra (L.) as a seedling) and for the cover abundance of the seedlings showed similar results (Table 2). The probability of the regeneration of Q. rubra was dependent on the cover of saplings and the type of forest habitat that was associated with a disturbance (Hypothesis 1; Table 2). The species tended to regenerate in the presence of Q. rubra in the overstorey, especially in the shrub layer, and the probability of self-regeneration also increased (Figure 2a). As far as the cover abundance of seedlings is concerned, both the cover of mature trees and saplings were significant factors. It was positive relationship, which was confirmed by a weak Spearman rank correlation test (Table 2). The cover of seedlings differed significantly between the types of habitats, and it was the highest in the cutting areas (Figure 2b).




3.2. Functional Diversity of the Forest Communities That Have Q. rubra


The CA revealed five vegetation units that contained 46, 55, 24, 25, and 30 relevés, respectively (Figure 3). Although the total number of recorded species was 198, 43 were indicatory species for the five vegetation groups (communities) and their combinations. Only the indicator species for the main groups are shown in Figure 2. Quercus rubra in the tree layer was an indicator species for vegetation unit number 4, and it had the highest IndVal value amongst the indicator species (Figure 3). Some species were indicatory for more than two communities—e.g., Athyrium filix-femina L. (Roth) (communities 3 and 4), Impatiens parviflora DC. and Fagus sylvatica L. (communities 3 and 5), Pinus sylvestris L. (communities 1 and 2)—whereas Q. rubra in the herb layer was an indicator species for all of them, except for community 5.



A DCA revealed gradient of variation in species composition, mainly along the first axis (Figure 4). The differences in Q. rubra cover in specific layers between the plots are presented in Figure A1. The plots representing communities 2, 1, 4, 5 are located along the first axis, while community three is located along the second axis, which was distinct from the remaining one (r2 = 0.501, p = 0.001) (Table A4). The only significant factors of functional diversity were dispersion (FDis), which explained diversity across communities 1, 2, and 5, and evenness (FEve), across communities 1, 4, and 5 (Hypothesis 2). The species that are typical for deciduous forests are located on the right side of the plot (Carpinus betulus L., Fraxinus excelsior L., Anemone nemorosa L., Tilia cordata Mill. , and Fagus sylvatica). Below are the invasive (Impatiens parviflora) or native expansive graminoid species (Carex brizoides L., Calamagrostis villosa (Chaix) J. F. Gmel.), as well as some trees and shrubs (Betula pendula Roth, Alnus glutinosa Gaertn., and Sambucus nigra L.). The species that are typical for coniferous forests (Vaccinium vitis-idea L., Pleurosium shreberi (Willd. ex Brid.) Mitt., Melampyrum pratense L., Pyrola rotundifolia L., and Pinus sylvestris) are on the left side of plot.




3.3. The Impact of Q. rubra on Plant Traits and the Functional Diversity of the Forest Communities


The species with autochorous strategies were associated with community number 2, whereas the species that have a large seed masses were confined to communities 4 and 5 (Hypothesis 3).



The plots of community number 3 were characterised by species with high SLA and light requirements. Community 1 had species that have a zoochorous strategy and a large competitive strategy. In the upper side, there are the species that occur in mixed coniferous forests (Geranium robertianum L., Stachys sylvatica L., and Leucoubryum glacum Hedw.). The RLQ ordination showed a significant relationship between the environmental variables (matrix R), species traits (matrix Q), and their cover abundance (matrix L). The first two RLQ axes accounted for 68.8% (Table A5) of the overall variation. The relationships between the environmental factors and species attributes (Figure 5a) and for the relationships between the first two RLQ axes (AxR1/AxR2, Figure 5b; AxQ1/AxQ2, Figure 5c) and the plant traits and environmental variables, respectively, indicated several significant associations, according to a fourth-corner analysis. Seed mass was negatively associated with pH and a canopy that has a cover of Q. rubra trees. The Ellenberg indicators for light were positively associated, among others, with canopy openings; the EIV for nitrogen (N) and moisture (F) were associated with the total nitrogen content and organic carbon. The autochorous species were negatively associated with the total cover of Q. rubra (Figure 5a).




3.4. A Comparison of the Functional Diversity of the Invaded and Non-Invaded Forest Communities


Based on a comparison of the adjacent plots, it can be stated that the functional richness of the non-invaded control plots was higher as was the functional evenness (Hypothesis 4, Figure 6). Although the functional divergence was only higher in the plots that had been invaded by Q. rubra, the difference was not significant. In relation to the functional dispersion, it was slightly, non-significantly higher on the control plots only (Figure 6).





4. Discussion


4.1. Influence of Q. rubra in the Overstorey on the Presence and Abundance of Seedlings


A previous study [49] revealed that when red oak grows in a forest at each of its life cycles, it proves that there are favourable conditions for self-regeneration, because it indicates continuous growth. As has been shown elsewhere in the literature, this species is characterised by the high mortality of its seedlings, and therefore only a few individuals become shrubs and mature trees [17,49,50,51]. Although its seedlings and juveniles respond positively to light availability, the response can differ depending on the light gradient or disturbance [6,25,52,53,54,55,56,57,58]. Under favourable, sunny conditions, the juveniles grow rapidly and outcompete other plant species [59], which might explain the highest abundance of red oak seedlings in the cutting areas in this study. The limiting factors for the natural regeneration of a species include plants that have competitive strategies, e.g., shrubs [60]. The cutting areas were the best predictors for the occurrence of the self-regeneration of Quercus rubra L., and also had the highest cover of seedlings, which may be a consequence of the lack of competitor species in the forest and a high light availability. The cover of the mature trees of red oak had also a positive impact on the abundance of seedlings, which was confirmed also by Jagodziński et al. [24,57]. In the Q. rubra-dominated stands, a very high cover of seedlings occurred although almost no shrub individuals were recorded. This proves that self-regeneration is a consequence of seedling recruitment in the close vicinity of mother plants. Dispersal that is chiefly via gravity is limited to up to about 15 m from a maternal seed tree [23]. Another possible explanation for the high abundance of red oak seedlings in the cutting areas, fringes, and routes is the forest management practices that were used when this tree species was cultivated as a biocenotic admixture to tree stands. Many studies have shown that northern red oak regenerates better than native oaks and other alien species such as Padus serotine, Robinia pseudoacacia, and Acer negundo, even in protected areas like national parks, where natural old-growth forests prevail [50,61,62,63,64,65]. To sum up, it can be inferred that disturbances, i.e., fragmentation and former cultivation sites, have a greater impact on the regeneration of this species than the type of habitat (in terms of soil and trophy), which is expressed as the forest site type.




4.2. Differences among the Types of Forests That Have a Share of Q. rubra


There have been previous attempts to indicate the forest phytocoenoses that are likely to be invaded by red oak [8,49,66,67,68,69]. It has been found in beech forests, (a Medio-European neutrophile Fagus forest with Pinus sylvestris monocultures [53]), Robinia plantations [8], and even on non-exploited colliery waste tips [70]. In the present study, forests that have a share of red oak can be divided into the two groups of mixed deciduous forest and more coniferous communities; Q. rubra was the dominant species in the tree layer in only one community, where it was accompanied by Pinus sylvestris in the shrub layer. The patches of this phytocoenosis were characterised by higher trophies, which were expressed by the Ellenberg indicator for nitrogen. The species has not been described in terms of its indicator values in Europe [32,71], but only regionally in Czech Republic. Red oak is a moderately nutrient-rich site species that avoids extreme conditions [72]. In communities 1 and 2, which were characterised by more acidity and poorer trophy conditions, Q. rubra was less abundant in the tree layer (Figure A1). This suggests that trophy was a more important factor of the presence and abundance of Q. rubra in the overstorey layer than the gradient of the functional diversity of forests. Thus, Hypothesis 2 was not confirmed. However, according to Otręba and Ferchmin [65], the occurrence of this species is more associated with the decision of foresters to deliberately cultivate Q. rubra in particular soil types than its habitat requirements.



The lowest contribution of Q. rubra, in the forest ground layer of the mixed deciduous forests that had Carex brizoides, could be the effect of the competitive ability of this sedge [73,74]. It has been reported that this native expansive plant hinders the germination of seeds and the establishment of other species in woods, including tree seedlings. The sedge C. brizoides was reported to be a limiting factor for Q. rubra regeneration by other authors [23,54]. A similar situation has been found with shrub species, such as Rubus sp., and Calamagrostis villosa, a perennial grass that occurs quite frequently in the Silesian Upland. This grass can be expansive, and can also be found in different types of forests. A massive amount of grass is a manifestation of the degradation of habitat, which is manifested by the strong development of the grass cover [75,76].




4.3. Role of Red Oak in the Decrease of the Functional Diversity of Forest Communities


Red oak has had a negative impact on the canopy of other species, especially trees and shrubs, which was mainly apparent in regard to the relationship between the cover of Q. rubra in the tree layer and the plant traits of the remaining species in the canopies. Previously [13,14], it was reported that red oak had a negative impact on species richness and the abundance of resident species. Jagodziński et al. [24] demonstrated in detail that its mechanism of competition is mainly via shading, which is connected with a high leaf area index and the fractions of open-canopy light availability in monocultures of Q. rubra [51,56]. The patches were characterised by a positive relationship between the canopy openings and the Ellenberg indicator value for light. According to Woziwoda et al. [14], species that are sensitive to the occurrence of Q. rubra prefer semi-light or even sunny sites. Although the light factor explained the diversity across several types of Q. rubra forests, it was confined to those sites where red oak was not very abundant in the tree layer. The other relationships between the Ellenberg indicator values and soil parameters are well-recognised, e.g., a positive relationship between total nitrogen, organic carbon, and the EIV for N. Seed mass is negatively associated with pH, which can be explained by the fact that trees that have a larger seed mass occur more frequently in more fertile habitats. It could have been expected that as seedlings, red oak would influence the traits of resident species, because Q. rubra seedlings can occur on a massive scale, and sometimes have a negative impact on herbaceous species and tree seedlings. However, it has also been shown that the cover of the seedlings of red oak affect the abundance of species, but not the species richness [13]. Therefore, this is a probable explanation of why Q. rubra in the forest floor did not influence the plant traits of the other components the forest ground flora. Red oak itself only affected the canopy of plants, whereas the remaining dependences of the plant traits can be attributed to other environmental factors. Thus, within a community, an increasing abundance of the species does not affect particular plant traits of the resident species very much. Taking into account the overall situation with traits, i.e., functional diversity, red oak seemed to affect the diversity of the traits in the forest ecosystems. In regard to functional richness and functional divergence, the control patches had significantly higher values. In this case, the lower functional richness in the Q. rubra patches might indicate a higher degree of habitat filtering than in the adjacent sites, as well as a lesser importance of competition in shaping the species composition. This pattern is similar to the findings of [56], who analysed the response of the Q. rubra biomass to the functional components of resident species, but at a lower scale. Their findings on the functional components of an invaded community were similar to those in the present study. With an increasing biomass of Q. rubra, both functional richness and evenness decrease significantly. The obtained results suggest that the differences, both in species composition and functional diversity, are more the effects of the habitat requirements of all of the species that are present in forests than the impact of red oak. Taking into account the short-distance spread of Q. rubra from the cultivation sites, it is difficult to definitively indicate the ability of red oak to invade habitats, or the invasiveness of red oak. As it has been shown [69], the predictors of the invasion level are context-dependent, and they can differ due to the types of vegetation, disturbances, and the history of an area.
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Table A1. Base and best-fit models of the responses of Quercus rubra regeneration (QR) and Q. rubra seedling cover (QC), with the forest complex being treated as a random effect. The selected models had the lowest corrected Akaike information value (AICc) and the lowest delta value (Δ). GLMM: generalised linear mixed-effect model; LMM: linear mixed-effect model.






Table A1. Base and best-fit models of the responses of Quercus rubra regeneration (QR) and Q. rubra seedling cover (QC), with the forest complex being treated as a random effect. The selected models had the lowest corrected Akaike information value (AICc) and the lowest delta value (Δ). GLMM: generalised linear mixed-effect model; LMM: linear mixed-effect model.












	Response Variable
	Type of Model
	Model
	AICc
	Δ





	QR
	GLM (base model)
	~Mature trees * Saplings + Habitat + Forest site
	647.5
	3.68



	
	GLM (best-fit model)
	~Mature trees * Saplings + Habitat
	644.23
	0.0



	QC
	LMM (base model)
	~Mature trees * Saplings + Habitat + Forest site + (1|complex)
	4947.88
	11.35



	
	LMM (best-fit model)
	~Mature trees + Saplings + Habitat + Forest site + (1|complex)
	4936.53
	0.0
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Table A2. Coefficients of the best-fit model for the regeneration of Q. rubra. Z-Value (Estimated/Std. Error)—normally distributed Wald statistics.
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	Estimate
	Std. Error
	Z-Value
	p-Value





	(Intercept)
	1.7277033
	0.7706944
	2.242
	0.025



	Mature trees
	−0.0011236
	0.0106095
	−0.106
	NS



	Saplings
	0.021347
	0.0076399
	2.794
	0.0052



	Habitat (forest interior)
	−1.1109173
	0.7816578
	−1.421
	NS



	Habitat (forest margins)
	−1.4408269
	0.8467675
	−1.702
	NS



	Habitat (transport routes)
	−1.6333783
	0.7752345
	−2.107
	0.0351



	Mature trees × saplings
	0.0008691
	0.0005176
	1.679
	NS
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Table A3. Coefficients of the best-fit model for the seedling cover of Q. rubra. T-Value (Estimated/Std. Error)—T-distributed Wald statistics.
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	Estimate
	Std. Error
	DF
	T-Value
	p-Value





	(Intercept)
	26.69208
	6.99856
	500.61002
	3.814
	0.000154



	Mature trees
	0.45198
	0.07334
	525.6401
	6.163
	<0.0001



	Saplings
	0.41774
	0.05835
	526.11664
	7.16
	<0.0001



	Habitat (forest interior)
	−17.3853
	6.44975
	511.40766
	−2.696
	0.00726



	Habitat (forest margins)
	−12.17581
	7.43697
	512.87867
	−1.637
	NS



	Habitat (transport routes)
	−18.61828
	6.38134
	509.44177
	−2.918
	0.003683



	Forest site (deciduous)
	7.14314
	4.40885
	391.81312
	1.62
	NS



	Forest site (mixed coniferous)
	5.50261
	3.33939
	516.07134
	1.648
	NS



	Forest site (mixed deciduous)
	3.42899
	3.78507
	456.864
	0.906
	NS
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Table A4. The variables passively fitted to the DCA results (p-value is based on the permutation test).
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	Variables
	DCA1
	DCA2
	R2
	p-Value





	FRic
	−0.68392
	−0.72956
	0.0619
	0.005



	FEve
	0.65932
	0.75186
	0.0803
	0.001



	FDiv
	0.62502
	0.78061
	0.0256
	NS



	FDis
	−0.60482
	−0.79636
	0.0825
	0.001



	COMPETITION
	−0.32302
	0.94639
	0.1093
	0.001



	WIND
	0.67593
	−0.73696
	0.3022
	0.001



	ZOO
	−0.40045
	0.91632
	0.323
	0.001



	AUTO
	−0.93397
	0.35736
	0.3022
	0.001



	L
	−0.2882
	−0.95757
	0.3265
	0.001



	T
	−0.40783
	0.91306
	0.1267
	0.001



	F
	0.06275
	−0.99803
	0.0509
	0.01



	R
	0.7079
	0.70631
	0.3828
	0.001



	N
	0.99632
	−0.08573
	0.269
	0.001



	CANOPY
	−0.04716
	0.99889
	0.0878
	0.001



	SEED.MASS
	0.96458
	0.26381
	0.191
	0.001



	SLA
	0.65848
	−0.7526
	0.3045
	0.001



	Leaf Dry Mass
	−0.51739
	0.85575
	0.406
	0.001



	PERENNIALS
	0.72815
	0.68542
	0.0074
	NS



	ANNUALS
	0.56488
	−0.82517
	0.0741
	0.003
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Table A5. Decomposition of the RLQ analysis.
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	RLQ Axes
	Axis 1
	Axis 2





	Eigenvalues
	0.375
	0.184



	Covariance
	0.613
	0.429



	Correlation
	0.19
	0.208



	Total variance (%)
	46.105
	22.666



	R/RLQ (%)
	0.806
	0.706



	L/RLQ (%)
	0.218
	0.269



	Q/RLQ (%)
	0.825
	0.793
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Figure A1. Ordisurf plot of Q. rubra in specific layers of a forest, along the first two axes of the DCA in the study area. 
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Figure 1. Location of the Silesian Upland on the territory of Poland and the studied forest complexes. 
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Figure 2. Conditional plot of the probability of seedling appearance under an overstorey of shrub and mature Q. rubra trees (a), and a comparison of the cover abundance of seedlings between the types of habitats (b). 
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Figure 3. Cluster analysis of the forest communities that have a contribution from red oak, and the indicator species for the distinguished vegetation clusters. 
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Figure 4. Detrended correspondence analysis (DCA) biplot of the forest communities that have red oak and the environmental factors that passively fit onto the ordination (a) ordination of plots, (b) ordination of species. Only the variables significant at p < 0.01 are shown. The labels (first four letters of genus and species name) represent the coordinates of the species in the ordination space. Uppercase letter A or B denotes tree and shrub layers, respectively. 
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Figure 5. Results of the fourth-corner tests: (a) the relationship between the plant species and environmental factors, (b) the relationship between the first two RLQ axes for the environmental gradients (AxR1 and AxR2) and traits, and (c) the relationship between the first two RLQ axes for the trait syndromes (AxQ1 and AxQ2) and environmental variables. Non-significant associations are represented by green cells, whereas significant associations (p < 0.05) are indicated by red (blue) cells, which show positive (negative) associations. 






Figure 5. Results of the fourth-corner tests: (a) the relationship between the plant species and environmental factors, (b) the relationship between the first two RLQ axes for the environmental gradients (AxR1 and AxR2) and traits, and (c) the relationship between the first two RLQ axes for the trait syndromes (AxQ1 and AxQ2) and environmental variables. Non-significant associations are represented by green cells, whereas significant associations (p < 0.05) are indicated by red (blue) cells, which show positive (negative) associations.
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Figure 6. Comparison of the functional diversity components—richness (FRic), evenness (FEve), divergence (FDiv), and dispersion (FDis) (Wilcoxon sum rank test)—between the forests that were occupied by Quercus rubra (invaded sites) and non-invaded sites. 
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Table 1. List of the species traits and environmental variables that were subjected to RLQ environmental data, species abundance, and species traits) analysis.






Table 1. List of the species traits and environmental variables that were subjected to RLQ environmental data, species abundance, and species traits) analysis.





	
Name

	
Type/Number of Attributes

	
Description of Variables






	
Ellenberg indicator values

	
Ordinal

	
L: light, T: temperature, F: moisture, R: soil reaction, N: nitrogen (0–9 scale)




	
Canopy (height of a plant)

	
Continuous/1

	
Mean value [m]




	
Seed mass

	
Continuous/1

	
0: no seed, for >0 mean value [mg]




	
SLA (specific leaf area)

	
Continuous/1

	
Mean value [mm2/g]




	
Leaf dry mass

	
Continuous/1

	
Mean value [g]




	
Dispersal syndrome

	
Nominal/3

	
WIND: anemochory, ZOO: zoochory, AUTO: autochory, barochory




	
PERENNIALS

	
Nominal/1

	
herb perennials, woody perennials




	
Grime strategy

	
Nominal/4

	
C: competitors, CSR: intermediate strategy, CR: competitive ruderal, OTHER: remaining strategies




	
Environmental variables

	




	
P, Mg, K, Ca, Na

	
Continuous

	
[mg/100 g]




	
pH

	
Ordinal

	
pH in (H2O, KCl)




	
Corg

	
Ordinal

	
Organic carbon




	
LOS

	
Percent

	
Loss on ignition




	
NT

	
Percent

	
Total nitrogen




	
CN

	
Continuous

	
Ration of carbon and nitrogen




	
Openings

	
Percent

	
Canopy openings were measured using a canopy scope




	
QR.A, QR.B, QR.C, QR.TOT

	
Percent

	
Percent of cover abundance Quercus rubra in each layer: A-tree, B-shrub, C-herb layer, TOT—combined cover
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Table 2. Results of the two generalised linear model (GLM) tests and the Spearman rank correlation test: the effect of habitat, the type of forest habitat, and Quercus rubra in the overstorey layers on the presence and cover of Q. rubra seedlings. Abbreviations: DF—degrees of freedom, NS—non-significant.






Table 2. Results of the two generalised linear model (GLM) tests and the Spearman rank correlation test: the effect of habitat, the type of forest habitat, and Quercus rubra in the overstorey layers on the presence and cover of Q. rubra seedlings. Abbreviations: DF—degrees of freedom, NS—non-significant.





	
Type of Test

	
Statistics

	
p-Value






	
Generalised Linear Model (Binomial Distribution)

	
Wald Χ2

	
DF

	




	
Mature trees

	
2.182

	
1

	
NS




	
Saplings

	
25.3857

	
1

	
<0.0001




	
Habitat

	
10.5820

	
3

	
0.01421




	
Mature trees × saplings

	
3.4618

	
1

	
0.0628 (NS)




	
Linear Mixed-Effects Model (Gaussian Distribution)

	
Wald Χ2

	
DF

	




	
Mature trees

	
37.9835

	
1

	
<0.0001




	
Saplings

	
51.2600

	
1

	
<0.0001




	
Habitat

	
10.2400

	
3

	
0.01663




	
Forest site

	
3.8629

	
1

	
NS




	
Spearman Rank Correlation

	
S statistics

	
rho

	




	
Mature trees and seedlings

	
20,222,514

	
0.21

	
<0.0001




	
Saplings and seedlings

	
18,002,082

	
0.30

	
<0.0002
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