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Abstract

:

The challenge of predicting the distribution of alien species has long been a focus of invasion ecology. Herein, we assessed biotic and abiotic factors from the 1980s as potential predictors of alien bird species patterns 20 years later in the state of New York. To assess the ability of each factor to predict future alien species patterns, we analysed the influence of biotic (native taxonomic, functional and phylogenetic diversity, and human population density) and abiotic (climate and land use) factors from the 1980s on the observed alien species richness patterns in the 2000s and the temporal change in the composition of the alien communities between the 1980s and the 2000s using both single-predictor and multivariate models. Alien species richness from the 1980s was a reliable predictor of the alien species richness and temporal beta-diversity patterns in the 2000s. Among abiotic factors, maximum temperature and agricultural land-uses constituted sufficient predictors of future alien species richness and better predictors than the native biotic factors. The performance of single-predictor models was generally weaker in predicting temporal alien beta-diversity; however, past alien species richness and maximum temperature again outperformed the other factors. Predictions and management decisions should focus on warm and agricultural areas, as well as areas with an already high number of established alien species.
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1. Introduction


The growing accumulation of species outside of their native ranges (alien species) is an important concern in ecological research [1,2,3]. Alien species can be an immediate cause of biodiversity loss [4] and have considerable impacts on multiple ecosystem properties, as well as ecosystem services, economic activities and human health [5]. The type, intensity and modulation of the impacts, and the invasion process itself, are affected by the characteristics of the recipient communities [6], the functional traits of alien species, as well as spatial and temporal processes [7,8]. Abiotic (e.g., environmental conditions and land-use) and biotic factors (e.g., native community composition and diversity) affect all stages of the invasion process and can shape distributional and diversity patterns of alien species across space and time [9]. Disentangling the importance of the various factors that influence the establishment and spread of alien species in large spatial scales and over long timeframes is crucial for management decisions and the timely mitigation of potential impacts [10,11].



Taxonomic native diversity, usually quantified as species richness, has been extensively used to infer the complex processes (e.g., resource utilization, competition or facilitation) that affect alien species’ successful establishment and spread [12]. However, taxonomic diversity cannot reflect the roles that species fill in their communities and taking into consideration functional or phylogenetic diversity can offer new perspectives on invasion mechanisms. Yet, native species functional traits or phylogenetic relationships are rarely considered concurrently with taxonomic diversity in the examination of the patterns of alien species [13,14,15]. Functional diversity might be a better indicator of resource partitioning and utilization in the communities than species richness [16], while phylogenetic diversity adds an evolutionary perspective in explaining the receptiveness or resistance of natural communities to the establishment of alien species [17].



Phylogenetically diverse native communities were proven to be more resistant to alien species compared to phylogenetically poorer ones [17,18,19,20]. Simultaneously, there is documentation of positive associations between native phylogenetic diversity and alien species [21,22]. Phylogenetic relations between species might reflect functional similarity [23] and phylogenetic diversity was proposed as a proxy for immeasurable functional diversity [24]. However, phylogenetic diversity is not merely a proxy of functional diversity, but there is complementarity between the effect of these two aspects of diversity on the invasibility of natural communities [19,25]. Native phylogenetic diversity is a more reliable predictor of the resistance to alien species establishment, compared to taxonomic diversity [26]. Native functional diversity is considered to enhance native communities’ resistance to invasions [16]. Functionally dissimilar native species might exploit the available resources more effectively, leaving fewer empty niches for aliens to occupy [17,27]. On the other hand, a functionally and phylogenetically diverse community may be the result of abundant and/or diverse available resources, which could lead to unoccupied phylogenetic and functional niches within the range of native communities [23], thus rendering these communities more receptive to alien species [28].



Alien species must be adapted to the abiotic conditions prevailing in the invaded regions to establish viable populations and expand their range into new regions, i.e., climatic conditions of the regions are expected to match the ones prevailing in the native ranges of alien species. Abiotic factors might be of primary importance in large spatial scales, where the effects of competition and predation tend to be weaker [29]. Temperature and precipitation were consistently found to drive alien species distribution, richness, or occurrence [30,31,32]. Factors reflecting resource availability, such as land cover diversity, were positively associated with alien species richness [33]. Human-altered landscapes provide favourable conditions (e.g., access to resources or decreased competition) for the establishment and spread of alien species [12,34,35,36], regardless of taxonomic group and habitat [37]. Additionally, alien species tend to proliferate in areas with high human population density, as alien species can often efficiently exploit nesting and feeding resources in human-altered and/or disturbed habitats [38,39,40,41].



The variation in species composition in space or time, i.e., beta-diversity patterns, can offer invaluable insights into the underlying mechanisms shaping alien communities [42,43,44]. Research focused on the differences in spatial turnover patterns between native and alien species [44,45], highlighting the role of human-related factors and climate [42], that modify local conditions leading to higher spatial turnover in ecological communities [46]. Furthermore, native biodiversity can influence an alien community’s spatial patterns, with native species richness affecting variation in alien species composition [47]. Temporal beta-diversity quantifies the species composition changes of a single assemblage through time. Mapping temporal beta-diversity patterns, and identifying the underlying processes that influence these patterns, are critical steps to decipher natural communities’ responses to disturbances such as the ongoing climate change, thus contributing to more effective biodiversity management and conservation. However, only recently has temporal beta diversity gained interest in the field of invasion ecology, while our knowledge about temporal changes of alien communities’ composition and the drivers of these changes remains limited.



Here, using breeding bird atlas data from the USA state of New York collected at two time periods, 20 years apart (in the 1980s and the 2000s), we assess the potential of abiotic (climate and land-use) and biotic (native species taxonomic, functional and phylogenetic diversity, and human presence) factors from the 1980s as predictors of alien species richness in the 2000s and alien communities’ temporal beta-diversity from the 1980s to the 2000s. We implemented an integrated approach, which is considered a powerful tool in invasion ecology [48]. We aimed to identify the factors with the highest individual predictive ability of future alien species richness and temporal beta-diversity patterns. Such an approach was scarcely used, with studies focusing on the determinants of alien species diversity or distribution patterns using contemporaneous data [13,15], or simulated projections of alien species distributions in the future [49]. Past factors as predictors of future alien patterns, to our knowledge, were used only on predicting the distribution of a specific species [50], without considering biotic and abiotic predictors concurrently. These factors may vary across space and time and affect different aspects of alien species diversity [15], and multiple factors might be important for different reasons. Alien species had already passed through the initial abiotic filters and had established viable populations in the 1980s. Thus, we hypothesize that alien species richness in the 2000s was mainly influenced by the abiotic factors from the 1980s (especially human-related factors), and that the biotic factors affected mainly the temporal beta-diversity patterns of alien species. We explored the effect of each factor separately with single-predictor models and then, we built a multivariate model for each response variable including all the abiotic and biotic factors. Single-predictor models can help us identify key drivers of alien species diversity, i.e., factors facilitating or hindering alien species diversity. Multivariate models allow us to comprehend the complex interactions of abiotic and biotic factors and their combined effects on alien species diversity. Thus, using single-predictor and multivariate models provide complementary insights into diversity patterns of alien species, allowing us to gain a more nuanced understanding of the underlying processes driving alien species diversity patterns.




2. Materials and Methods


2.1. Data


We analysed presence–absence data of bird species in the USA state of New York for two distinct time periods (1980s and 2000s), using “The Atlas of Breeding Birds in New York State” [51] and “The Second Atlas of Breeding Birds in New York State” [52]. Nomenclature followed the American Ornithological Society (AOS) Birds of North and Middle America Checklist [53]. We identified alien species status following the Global Avian Invasions Atlas (GAVIA), a database of worldwide alien bird distributions [54]. For our analyses, after excluding cells that did not contain species and abiotic data were not available in both time periods, we used 5105 cells with a resolution of 25 km2.



2.1.1. Alien Species Diversity


We calculated alien species richness in each atlas cell for the two time periods (1980s and 2000s). Temporal beta-diversity can be quantified with different metrics. Among them, pairwise similarity or dissimilarity indices were often used in spatial analyses [55]. Instead of comparing between two regions, a pairwise comparison is drawn between two time periods. We quantified the temporal beta-diversity of alien species’ communities in each atlas cell with the presence/absence-based pairwise Jaccard dissimilarity index:


  β =   A + B − 2 × A   ∩     B   A + B − A   ∩     B    








where A is the total number of species in the 1980s, B is the total number of species in the 2000s and A∩B is the intersection of the number of species present in both time periods, using the “betapart” package [56] in R [57]. Jaccard’s dissimilarity index was proven to be a suitable index to compute temporal beta diversity for occurrence and presence-absence data formats [58].




2.1.2. Biotic and Abiotic Predictors


Biotic Factors: Native Taxonomic, Functional and Phylogenetic Diversity, and Human Population Density


We estimated native diversity in the first time period used in our analyses (the 1980s). Native taxonomic diversity was quantified by native species richness per cell. Native functional diversity was quantified through the approach of the multidimensional space, where each trait represents an axis and each species a point in the multidimensional trait space defined by the species traits. We compiled 16 ecological and life-history traits of the native bird species recorded in the 1980s atlases, retrieved from the trait data set published by Barnagaud et al. [59]. We followed the approach of Barnagaud et al. [59] to compile data for the species not included in the aforementioned data set (Supplementary Table S1). The selected traits captured the aspects of the species’ biology and ecology that may affect their distributions. Specifically, the traits were grouped into three categories: (i) the ecological traits that reflect the species’ use of habitat and dietary resources; (ii) life-history traits that separate sedentary species with large body sizes and large ranges from smaller species with smaller territories, and (iii) reproductive traits that were related to breeding performances and duration of life cycle [59]. We applied a Gower species distance matrix [60] and performed principal coordinates analysis (PCoA) [61] to ordinate species along the major axes and plot them in a multidimensional functional trait space. For each atlas cell, we quantified functional dispersion (FDis), which describes the spread of functional types and their relationship to the centre of the functional space [62], using the R package “FD” [63]. Native phylogenetic diversity was quantified using the avian supertree derived from http://birdtree.org (accessed on 3 March 2020) [64]. For each atlas cell, we calculated the phylogenetic Mean Pairwise Distance (MPD), which was the average value of the pairwise phylogenetic distances among the native species, using the R package “picante” [65]. Finally, we obtained gridded data on human population density (PopDen) in the 1980s from the Global Population Density Grid Time Series Estimates v1 (1970–2000) 1 km2 resolution data [66] and extracted the maximum human population density value in each atlas cell, to be used as a predictor in our analyses.




Abiotic Factors: Climate and Land-Use


The climatic variables maximum temperature (Tmax) and precipitation (PPT) were obtained from the TerraClimate dataset [67] for a 20-year period (from 1968 to 1988) ending approximately at the time of the publication of the first atlas. The monthly values of the climate data were averaged over the 20-year period and their mean values were upscaled from their original resolution (4 km2) to match the atlas’ resolution by estimating the mean value for each atlas cell.



Land use vector data were obtained from the Land-Use and Land-Cover Data Sets of the U.S. Geological Survey for the period 1970–1980 [68]. The land use data were clipped with the atlas grid and the total area covered by human-related land use types (developed and agricultural) in the 1980s for each cell was estimated. Furthermore, we calculated Shannon’s diversity index of land uses (LandDiv) in each atlas cell, weighed by the total area occupied by each land use type in each cell.



The selection of the aforementioned predictors was based on two principles: (i) the relevance of the factors to the examined hypotheses and (ii) the relationship between the factors. The selected biotic and abiotic factors were found to adequately explain the spatial patterns of alien species richness in the same region (Eastern U.S.A.) in a contemporary setting [21,40]. Additional biotic and abiotic factors were considered, such as evapotranspiration, mean temperature, other land use types, and different functional and phylogenetic metrics. Prior to the analyses, we tested for multicollinearity amongst the considered factors using a stepwise variance inflation factors (VIF) function from the R package “Rnalytica” [69]. This function iterates the VIF analysis and at each step excluded the variable with the highest VIF score. The process was repeated until all remaining variables had VIF scores below a specific threshold and were free from multicollinearity. The factors used as predictors in our analysis scored VIF values <10 [70].






2.2. Statistical Analysis


We fitted generalized least squares (GLS) Models with maximized log-likelihood to model alien species richness and temporal beta-diversity in the 2000s as functions of the different biotic and abiotic factors from the 1980s. We explored the effect of each individual predictor on each response variable separately, to detect the potential of each individual factor to predict future alien species richness and temporal beta-diversity. To account for spatial autocorrelation, we included an exponential spatial correlation structure in each model. The Spatial GLS models were built with the gls function of the R package “nlme” [71], which provides the benefit of accounting for spatial autocorrelation.



We evaluated the strength of the different models by comparing the AIC values of the GLS models. A further comparison was conducted with the coefficient of determination R2 of a generalized linear model (GLM) regressing the alien species richness and temporal beta-diversity values predicted from the GLS models against their observed values in the 2000s (Poisson error distribution for species richness and Gaussian error distribution for temporal beta-diversity). We also built a multivariate GLS model for each response variable, to assess the cumulative predictive ability of the factors. Finally, to assess the relative importance of each factor and compare these effects, we implemented hierarchical partitioning using all the factors included in the multivariate models as predictors and alien species richness and temporal beta-diversity in the 2000s as the response variables. We used the R package “relaimpo” [72] that partitions the model’s predictors R2s by averaging over orders and sums their relative importance to 100%.





3. Results


In the 2000s, 25 alien bird species (out of a total of 251) were recorded in the state of New York (~10% of total avifauna). Mean alien species richness per atlas cell increased between the 1980s and the 2000s from 7.9 ± 3.2 to 9.2 ± 3.2. Alien species richness and alien communities’ temporal beta-diversity showed contrasting spatial patterns, with areas of higher alien species richness exhibiting lower temporal beta-diversity and vice versa (Figure 1).



In the 1980s, 220 native species were recorded in the state of New York, with a mean native species richness of 61 species (±13.6) per cell. Mean native functional dispersion was 0.23 ± 0.01 and the phylogenetic mean pairwise distance was 117 ± 9.2 per cell. Regarding the abiotic conditions in the 1980s, the recorded mean maximum temperature was 12.7 ± 1.4 °C and mean precipitation was 85.9 ± 9.8 mm per cell. Agricultural land uses accounted on average for 33% of the cells’ cover and developed land uses accounted for 8%. The abiotic factors showed less temporal variability from the 1980s to the 2000s compared to the biotic factors (Supplementary Table S2).



Among single-predictor models, alien species richness in the 1980s had the strongest relationship with alien species richness in the 2000s (Table 1). Beyond 1980s alien species richness, abiotic factors were better predictors of future alien species richness compared to the biotic factors (Table 1). However, only maximum temperature and agricultural land uses emerged as relatively strong predictors (Table 1). Of the remaining abiotic and biotic factors from the 1980s, native functional dispersion demonstrated the most important relationship with alien species richness in the 2000s (Table 1). However, the multivariate model exhibited higher predictive ability than single-predictor models for both 2000s alien species richness and alien temporal beta diversity.



Similar patterns were observed in the examination of the spatial patterns of alien species temporal beta-diversity (Table 1). Lower temporal beta-diversity in the 2000s was observed in cells with higher alien species richness in the 1980s. Furthermore, lower values of temporal beta-diversity in the 2000s were observed in cells with higher temperatures in the 1980s, but the relationship was of moderate strength. The remaining biotic and abiotic factors from the 1980s—perhaps with the exception of native species functional dispersion—exhibited weak relationships with alien species communities’ temporal beta-diversity in the 2000s.



The multivariate GLS model for both 1980s alien species richness and alien temporal beta-diversity outperformed single-predictor models according to the R2 values of the regressions between the values predicted by each model and the observed values of alien species richness and temporal beta-diversity in the 2000s. Specifically, the multivariate model explained approximately 57% and 48% of 2000s alien species richness and alien temporal beta-diversity, respectively, opposed to the 45% (in both cases) explained by the best-fitting single predictor model. As in the case of the single-predictor model, almost all the factors exerted a significant positive effect on 2000s alien species richness (Table 2, Figure 2). The exceptions were the precipitation that exerted a negative effect and the human population density that did not affect significantly the 2000s alien species richness. Human population, diversity of land uses, native species richness, and MPD did not affect significantly alien temporal beta-diversity (Table 2). The remaining abiotic factors exerted a negative significant effect. Among the biotic factors, 1980s alien species richness and 1980s native FDis had a negative and positive relationship with alien temporal beta-diversity, respectively (Figure 2). The results of the GLS models and the hierarchical partitioning showed that the relative importance of each factor was in accordance with the single-predictor models (Figure 3). Specifically, 1980s alien species richness had the highest relative importance accounting for 31% and 48% of the explained variance of 2000s alien species richness and alien temporal beta-diversity, respectively. Following alien species richness, 1980s maximum temperature and agricultural land uses were the most important predictors of alien species richness and temporal beta-diversity in the 2000s in the multivariate model.




4. Discussion


Our results showed that multivariate models outperformed the single-predictor models, suggesting that multiple abiotic and biotic factors play a role in shaping future alien species richness and changes in alien species composition in time. Both single predictor and multivariate models were in accordance that among factors, past alien species richness was the strongest predictor of present alien species richness and temporal changes in alien species composition, with areas of higher alien species richness hosting species-richer communities in future and with fewer temporal changes in alien species composition. The regional alien species pool remained unchanged, as no new alien birds established populations in New York between the 1980s and the 2000s, and fewer alien species could have moved to areas of higher alien species richness in the 1980s compared to alien species-poorer areas. Furthermore, alien species richness, climate (and more specifically temperature), and agricultural land uses from one time period emerged as strong predictors of the next time period’s alien species richness and temporal beta-diversity.



The mean maximum temperature of the 1980s was the best predictor of future alien species richness, confirming that environmental factors drive alien species diversity at regional spatial scales [30,73]. Higher temperatures may be indicative of ecosystems of higher productivity and higher resource availability and diversity [74]. Given that climate change is expected to affect the extreme values of environmental measures (i.e., minimum and maximum) [31], this positive relationship highlights climate changes’ potential effect on biological invasions in the future. While precipitation levels are considered an important driver of the establishment of alien birds globally [15], it did not emerge as a predictor of future alien species richness and temporal beta-diversity in this study. This might be because the examined alien species had already established populations by the 1980s (the first time period in this study). Additionally, alien species showed a preference for agricultural areas, which are regularly irrigated, therefore, freshwater availability might not have been a concern for many of these alien species.



We found a strong positive relationship between 1980s agricultural land use cover and 2000s alien species richness and alien temporal beta-diversity. Positive associations between human-related land uses such as agricultural and urban were previously reported [40]. Perhaps agricultural areas include more vegetation types or/and alien plant species that favour alien species or create opportunities that alien species exploit better than native ones. Developed areas and human population density were weak predictors of future alien species richness and temporal beta-diversity, even though disturbed habitats are considered to favour alien species [32,75]. A possible explanation is that urban habitats may be a point of introduction for alien species [32], but herein, we analysed patterns of established alien species rather than species introductions. As birds are highly mobile animals, it is possible that after their introduction, they moved to more suitable habitats [76], such as agricultural areas that might offer higher resource availability [77]. Alien birds tend to establish populations in areas where they can exploit the more opportunistic food sources provided by human activities [78], so it makes sense that they would prefer agricultural and peri-urban areas.



Our initial hypothesis was that alien species richness would be mainly affected by the abiotic factors of the past and temporal beta-diversity would be strongly associated with biotic factors, due to biotic interactions shaping the community composition after the initial abiotic filters. Indeed, the predictive ability of the biotic factors was overall significantly lower compared to the abiotic factors, and the various facets of native diversity showed a consistently poor ability to predict future alien species richness. However, contrary to our expectation, the same was the case for the prediction of alien species’ temporal beta-diversity. The biotic factors’ inferior predictive ability might be explained by the fact that native species distribution and composition patterns changed to a greater extent from the 1980s to the 2000s, compared to the abiotic factors (Supplementary Table S2). Thus, the explanatory power of the intertemporal models was possibly diminished, as the relationship between native diversity and alien species was found to be fairly strong in contemporaneous studies [21,33,41,79]. Abiotic conditions remained relatively stable over time, and their effect was possibly similar to that expected in a contemporaneous setting.



Native diversity is considered to be a strong predictor of alien diversity, with recent research highlighting that native species composition can be a strong predictor of areas that aliens can possibly establish [80]. Furthermore, Lazarina et al. [81] explored the range shifts and spatial patterns of Great Britain’s alien and native breeding bird assemblages’ beta-diversity in two distinct time periods and found that alien species expanded into new regions over time and that native species diversity was among the strongest drivers of the composition of alien species’ communities. Given that alien species exhibit higher temporal dynamism than natives in their distributions, and that their diversity tends to increase over time, alien species can pose a major threat to native biodiversity [82]. Here, among the biotic factors, functional dispersion (following alien species richness) showed the strongest predictive ability of higher alien species richness and higher temporal beta-diversity (i.e., wider changes in alien communities’ composition), perhaps because functionally dispersed communities occur in areas with more diverse resources [12] that can accommodate richer and more diverse communities. A recent study [21] found that phylogenetic diversity measures were better predictors of alien species richness compared to functional diversity metrics in a contemporaneous setting. However, we did not observe a strong effect of the phylogenetic mean pairwise distance on either alien species richness or alien temporal beta-diversity. These findings, combined with the abiotic factors effect, may indicate that resource availability is the major driver behind alien species richness patterns and perhaps more functionally dispersed native communities have more unoccupied niche space for alien species [83].



The relationship between the diversity of alien species and potential biotic and abiotic factors has long been a focus of invasion ecology [79,84], but to our knowledge, this is the first multifaceted analysis that combined information on past abiotic and biotic conditions to predict the observed patterns of alien bird species richness and temporal beta-diversity across a large region. Our findings showed that, overall, areas that were warmer and agricultural in the past tended to host more alien species in the future. Such findings can assist in designing management strategies and risk assessments to prioritize areas that may be susceptible to biological invasion. However, further research is required to explore the patterns of different taxonomic groups, biogeographic regions and scales, in order to identify the shared context under which generalizations are possible, robust, and interpretable.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/d15030417/s1, Table S1. The 16 functional traits data set used in this study, Table S2. t-test model results showing the correlations of the abiotic and biotic predictors’ values.





Author Contributions


A.A.-C., E.K., G.B. and A.S.K. conceived and designed this study; A.A.-C., E.K. and G.B. performed data preparation; A.A.-C. performed the statistical analyses; A.A.-C., E.K., M.L., M.A.T., G.B. and A.S.K. contributed to the interpretation of the results and to the writing of the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This research work was supported by the Hellenic Foundation for Research and Innovation (H.F.R.I.) under the “First Call for H.F.R.I. Research Projects to support Faculty members and Researchers and the procurement of high-cost research equipment grant” (Project Number: HFRI-FM17-2024 Mapping Functional Diversity Drivers, Impacts and Threats—MAPFUN).




Institutional Review Board Statement


Not applicable.




Data Availability Statement


Here, we analysed data from published sources. The New York breeding bird atlas is hosted in https://www.dec.ny.gov/cfmx/extapps/bba/ (accessed on 20 March 2018). The phylogenetic tree of the birds is hosted at https://birdtree.org/ (accessed on 3 March 2020). Most of the species traits were sourced from [61]. Additional sources of information for species traits are: the Encyclopedia of Life (http://www.eol.org, accessed on 15 July 2018) [85], the Animal Diversity Web (http://www.animaldiversity.org, accessed on 15 July 2018) [86], and the Field Guide to North American Birds (Sibley 2014) [87].




Acknowledgments


Results presented in this work were produced using the Aristotle University of Thessaloniki (AUTh) High Performance Computing Infrastructure and Resources. The authors would like to acknowledge the support provided by the IT Center of the Aristotle University of Thessaloniki (AUTh) throughout the progress of this research work.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Simberloff, D.; Martin, J.-L.; Genovesi, P.; Maris, V.; Wardle, D.A.; Aronson, J.; Courchamp, F.; Galil, B.; García-Berthou, E.; Pascal, M. Impacts of biological invasions: What’s what and the way forward. Trends Ecol. Evol. 2013, 28, 58–66. [Google Scholar]

	



Pyšek, P.; Hulme, P.E.; Simberloff, D.; Bacher, S.; Blackburn, T.M.; Carlton, J.T.; Dawson, W.; Essl, F.; Foxcroft, L.C.; Genovesi, P. Scientists’ warning on invasive alien species. Biol. Rev. 2020, 95, 1511–1534. [Google Scholar]

	



Ripple, W.J.; Wolf, C.; Newsome, T.M.; Hoffmann, M.; Wirsing, A.J.; McCauley, D.J. Extinction risk is most acute for the world’s largest and smallest vertebrates. Proc. Natl. Acad. Sci. USA 2017, 114, 10678–10683. [Google Scholar] [PubMed]

	



Vilà, M.; Espinar, J.L.; Hejda, M.; Hulme, P.E.; Jarošík, V.; Maron, J.L.; Pergl, J.; Schaffner, U.; Sun, Y.; Pyšek, P. Ecological impacts of invasive alien plants: A meta-analysis of their effects on species, communities and ecosystems. Ecol. Lett. 2011, 14, 702–708. [Google Scholar] [PubMed]

	



Vilà, M.; Hulme, P.E. Impact of Biological Invasions on Ecosystem Services; Springer: Berlin/Heidelberg, Germany, 2017; Volume 12. [Google Scholar]

	



Ricciardi, A.; Hoopes, M.F.; Marchetti, M.P.; Lockwood, J.L. Progress toward understanding the ecological impacts of nonnative species. Ecol. Monogr. 2013, 83, 263–282. [Google Scholar]

	



Powell, K.I.; Chase, J.M.; Knight, T.M. A synthesis of plant invasion effects on biodiversity across spatial scales. Am. J. Bot. 2011, 98, 539–548. [Google Scholar]

	



Strayer, D.L.; Eviner, V.T.; Jeschke, J.M.; Pace, M.L. Understanding the long-term effects of species invasions. Trends Ecol. Evol. 2006, 21, 645–651. [Google Scholar]

	



Bellard, C.; Cassey, P.; Blackburn, T.M. Alien species as a driver of recent extinctions. Biol. Lett. 2016, 12, 20150623. [Google Scholar] [PubMed]

	



Kuebbing, S.E.; Nuñez, M.A. Negative, neutral, and positive interactions among nonnative plants: Patterns, processes, and management implications. Glob. Chang. Biol. 2015, 21, 926–934. [Google Scholar]

	



Schmiedel, D.; Wilhelm, E.-G.; Roth, M.; Scheibner, C.; Nehring, S.; Winter, S. Evaluation system for management measures of invasive alien species. Biodivers. Conserv. 2016, 25, 357–374. [Google Scholar]

	



Stohlgren, T.J.; Barnett, D.; Flather, C.; Fuller, P.; Peterjohn, B.; Kartesz, J.; Master, L.L. Species richness and patterns of invasion in plants, birds, and fishes in the United States. Biol. Invasions 2006, 8, 427–447. [Google Scholar]

	



Lembrechts, J.J.; Alexander, J.M.; Cavieres, L.A.; Haider, S.; Lenoir, J.; Kueffer, C.; McDougall, K.; Naylor, B.J.; Nuñez, M.A.; Pauchard, A. Mountain roads shift native and non-native plant species’ ranges. Ecography 2017, 40, 353–364. [Google Scholar]

	



Abellán, P.; Tella, J.L.; Carrete, M.; Cardador, L.; Anadón, J.D. Climate matching drives spread rate but not establishment success in recent unintentional bird introductions. Proc. Natl. Acad. Sci. USA 2017, 114, 9385–9390. [Google Scholar] [PubMed]

	



Redding, D.W.; Pigot, A.L.; Dyer, E.E.; Şekercioğlu, Ç.H.; Kark, S.; Blackburn, T.M. Location-level processes drive the establishment of alien bird populations worldwide. Nature 2019, 571, 103–106. [Google Scholar]

	



Dukes, J.S. Biodiversity and invasibility in grassland microcosms. Oecologia 2001, 126, 563–568. [Google Scholar] [PubMed]

	



Gerhold, P.; Pärtel, M.; Tackenberg, O.; Hennekens, S.M.; Bartish, I.; Schaminée, J.H.; Fergus, A.J.; Ozinga, W.A.; Prinzing, A. Phylogenetically poor plant communities receive more alien species, which more easily coexist with natives. Am. Nat. 2011, 177, 668–680. [Google Scholar]

	



Iannone, B.V.; Potter, K.M.; Hamil, K.-A.D.; Huang, W.; Zhang, H.; Guo, Q.; Oswalt, C.M.; Woodall, C.W.; Fei, S. Evidence of biotic resistance to invasions in forests of the Eastern USA. Landscape Ecol. 2016, 31, 85–99. [Google Scholar]

	



Ng, J.; Weaver, W.N.; Laport, R.G. Testing Darwin’s Naturalization Conundrum using phylogenetic relationships: Generalizable patterns across disparate communities? Divers. Distrib. 2019, 25, 361–373. [Google Scholar]

	



Whitfeld, T.J.; Lodge, A.G.; Roth, A.M.; Reich, P.B. Community phylogenetic diversity and abiotic site characteristics influence abundance of the invasive plant Rhamnus cathartica L. J. Plant Ecol. 2013, 7, 202–209. [Google Scholar]

	



Andrikou-Charitidou, A.; Boutsis, G.; Karadimou, E.; Kallimanis, A. Untangling the positive association of phylogenetic, functional, and taxonomic diversity with alien bird species richness. Ecosphere 2020, 11, e03007. [Google Scholar]

	



El-Barougy, R.; MacIvor, J.S.; Arnillas, C.A.; Nada, R.M.; Khedr, A.H.A.; Cadotte, M.W. Richness, phylogenetic diversity, and abundance all have positive effects on invader performance in an arid ecosystem. Ecosphere 2020, 11, e03045. [Google Scholar]

	



Loiola, P.P.; de Bello, F.; Chytrý, M.; Götzenberger, L.; Carmona, C.P.; Pyšek, P.; Lososová, Z. Invaders among locals: Alien species decrease phylogenetic and functional diversity while increasing dissimilarity among native community members. J. Ecol. 2018, 106, 2230–2241. [Google Scholar]

	



de Bello, F.; Šmilauer, P.; Diniz-Filho, J.A.F.; Carmona, C.P.; Lososová, Z.; Herben, T.; Götzenberger, L. Decoupling phylogenetic and functional diversity to reveal hidden signals in community assembly. Methods Ecol. Evol. 2017, 8, 1200–1211. [Google Scholar]

	



Galland, T.; Adeux, G.; Dvořáková, H.; E-Vojtkó, A.; Orbán, I.; Lussu, M.; Puy, J.; Blažek, P.; Lanta, V.; Lepš, J. Colonization resistance and establishment success along gradients of functional and phylogenetic diversity in experimental plant communities. J. Ecol. 2019, 107, 2090–2104. [Google Scholar]

	



Qin, T.J.; Zhou, J.; Sun, Y.; Müller-Schärer, H.; Luo, F.L.; Dong, B.C.; Li, H.L.; Yu, F.H. Phylogenetic diversity is a better predictor of wetland community resistance to Alternanthera philoxeroides invasion than species richness. Plant Biol. 2020, 22, 591–599. [Google Scholar] [PubMed]

	



Levine, J.M.; Adler, P.B.; Yelenik, S.G. A meta-analysis of biotic resistance to exotic plant invasions. Ecol. Lett. 2004, 7, 975–989. [Google Scholar]

	



Helsen, K.; Van Cleemput, E.; Bassi, L.; Graae, B.J.; Somers, B.; Blonder, B.; Honnay, O. Inter-and intraspecific trait variation shape multidimensional trait overlap between two plant invaders and the invaded communities. Oikos 2020, 129, 677–688. [Google Scholar]

	



Fridley, J.D.; Stachowicz, J.; Naeem, S.; Sax, D.; Seabloom, E.; Smith, M.; Stohlgren, T.; Tilman, D.; Holle, B.V. The invasion paradox: Reconciling pattern and process in species invasions. Ecology 2007, 88, 3–17. [Google Scholar]

	



Bellard, C.; Leroy, B.; Thuiller, W.; Rysman, J.F.; Courchamp, F. Major drivers of invasion risks throughout the world. Ecosphere 2016, 7, e01241. [Google Scholar]

	



Gallardo, B.; Aldridge, D.C. The ‘dirty dozen’: Socio-economic factors amplify the invasion potential of 12 high-risk aquatic invasive species in Great Britain and Ireland. J. Appl. Ecol. 2013, 50, 757–766. [Google Scholar]

	



Pyšek, P.; Jarošík, V.; Hulme, P.E.; Kühn, I.; Wild, J.; Arianoutsou, M.; Bacher, S.; Chiron, F.; Didžiulis, V.; Essl, F. Disentangling the role of environmental and human pressures on biological invasions across Europe. Proc. Natl. Acad. Sci. USA 2010, 107, 12157–12162. [Google Scholar] [PubMed]

	



McKinney, M.; Kark, S. Factors shaping avian alien species richness in Australia vs Europe. Divers. Distrib. 2017, 23, 1334–1342. [Google Scholar]

	



Blackburn, T.M.; Pyšek, P.; Bacher, S.; Carlton, J.T.; Duncan, R.P.; Jarošík, V.; Wilson, J.R.; Richardson, D.M. A proposed unified framework for biological invasions. Trends Ecol. Evol. 2011, 26, 333–339. [Google Scholar] [PubMed]

	



Richardson, D.M.; Pyšek, P.; Carlton, J.T. A compendium of essential concepts and terminology in invasion ecology. In Fifty Years of Invasion Ecology: The Legacy of Charles Elton; John Wiley & Sons Ltd.: Chichester, UK, 2011; pp. 409–420. [Google Scholar]

	



Hulme, P.E. Trade, transport and trouble: Managing invasive species pathways in an era of globalization. J. Appl. Ecol. 2009, 46, 10–18. [Google Scholar]

	



Gallardo, B. Europe’s top 10 invasive species: Relative importance of climatic, habitat and socio-economic factors. Ethol. Ecol. Evol. 2014, 26, 130–151. [Google Scholar]

	



Qian, H.; Ricklefs, R.E. The role of exotic species in homogenizing the North American flora. Ecol. Lett. 2006, 9, 1293–1298. [Google Scholar]

	



Spear, D.; Foxcroft, L.C.; Bezuidenhout, H.; McGeoch, M.A. Human population density explains alien species richness in protected areas. Biol. Conserv. 2013, 159, 137–147. [Google Scholar]

	



Lazarina, M.; Tsianou, M.A.; Boutsis, G.; Andrikou–Charitidou, A.; Karadimou, E.; Kallimanis, A.S. Urbanization and Human Population Favor Species Richness of Alien Birds. Diversity 2020, 12, 72. [Google Scholar]

	



Chiron, F.; Shirley, S.; Kark, S. Human-related processes drive the richness of exotic birds in Europe. Proc. R. Soc. B Biol. Sci. 2009, 276, 47–53. [Google Scholar]

	



Marini, L.; Bertolli, A.; Bona, E.; Federici, G.; Martini, F.; Prosser, F.; Bommarco, R. Beta-diversity patterns elucidate mechanisms of alien plant invasion in mountains. Global Ecol. Biogeogr. 2013, 22, 450–460. [Google Scholar]

	



Latombe, G.; Pyšek, P.; Jeschke, J.M.; Blackburn, T.M.; Bacher, S.; Capinha, C.; Costello, M.J.; Fernández, M.; Gregory, R.D.; Hobern, D. A vision for global monitoring of biological invasions. Biol. Conserv. 2017, 213, 295–308. [Google Scholar] [CrossRef]

	



Gavioli, A.; Milardi, M.; Castaldelli, G.; Fano, E.A.; Soininen, J. Diversity patterns of native and exotic fish species suggest homogenization processes, but partly fail to highlight extinction threats. Divers. Distrib. 2019, 25, 983–994. [Google Scholar] [CrossRef]

	



Leprieur, F.; Olden, J.D.; Lek, S.; Brosse, S. Contrasting patterns and mechanisms of spatial turnover for native and exotic freshwater fish in Europe. J. Biogeogr. 2009, 36, 1899–1912. [Google Scholar] [CrossRef]

	



Olden, J.D.; Rooney, T.P. On defining and quantifying biotic homogenization. Glob. Ecol. Biogeogr. 2006, 15, 113–120. [Google Scholar] [CrossRef]

	



Olden, J.D.; Poff, N.L. Toward a mechanistic understanding and prediction of biotic homogenization. Am. Nat. 2003, 162, 442–460. [Google Scholar] [CrossRef]

	



Kueffer, C.; Pyšek, P.; Richardson, D.M. Integrative invasion science: Model systems, multi-site studies, focused meta-analysis and invasion syndromes. New Phytol. 2013, 200, 615–633. [Google Scholar] [CrossRef] [PubMed]

	



Seebens, H.; Bacher, S.; Blackburn, T.M.; Capinha, C.; Dawson, W.; Dullinger, S.; Genovesi, P.; Hulme, P.E.; van Kleunen, M.; Kühn, I. Projecting the continental accumulation of alien species through to 2050. Glob. Chang. Biol. 2021, 27, 970–982. [Google Scholar] [CrossRef]

	



Cohen, T.M.; McKinney, M.; Kark, S.; Dor, R. Global invasion in progress: Modeling the past, current and potential global distribution of the common myna. Biol. Invasions 2019, 21, 1295–1309. [Google Scholar] [CrossRef]

	



Andrle, R.F.; Carroll, J.R. The Atlas of Breeding Birds in New York State; Cornell University Press: New York, NY, USA, 1988. [Google Scholar]

	



McGowan, K.J.; Corwin, K. The Second Atlas of Breeding Birds in New York State; Cornell University Press: New York, NY, USA, 2008. [Google Scholar]

	



Chesser, R.; Burns, K.; Cicero, C.; Dunn, J.; Kratter, A.; Lovette, I.; Rasmussen, P.; Remsen, J., Jr.; Stotz, D.; Winger, B. Checklist of North American Birds (Online). American Ornithological Society. 2018. Available online: https://checklist.americanornithology.org/taxa (accessed on 15 July 2018).

	



Dyer, E.E.; Redding, D.W.; Blackburn, T.M. The global avian invasions atlas, a database of alien bird distributions worldwide. Sci. Data 2017, 4, 170041. [Google Scholar] [CrossRef]

	



Magurran, A.E.; Dornelas, M.; Moyes, F.; Henderson, P.A. Temporal β diversity—A macroecological perspective. Glob. Ecol. Biogeogr. 2019, 28, 1949–1960. [Google Scholar] [CrossRef]

	



Baselga, A.; Orme, D.; Villeger, S.; De Bortoli, J.; Leprieur, F.; Baselga, M.A. Package ‘betapart’. Partitioning Beta Diversity Into Turnover Nestedness Components 2018. Available online: http://cran.nexr.com/web/packages/betapart/betapart.pdf (accessed on 17 September 2020).

	



R Core Team. R: A Language and Environment for Statistical Computing. 2013. Available online: https://www.scirp.org/(S(i43dyn45teexjx455qlt3d2q))/reference/ReferencesPapers.aspx?ReferenceID=1787696 (accessed on 17 September 2020).

	



Legendre, P. A temporal beta-diversity index to identify sites that have changed in exceptional ways in space–time surveys. Ecol. Evol. 2019, 9, 3500–3514. [Google Scholar] [CrossRef]

	



Barnagaud, J.-Y.; Gaüzère, P.; Zuckerberg, B.; Princé, K.; Svenning, J.-C. Temporal changes in bird functional diversity across the United States. Oecologia 2017, 185, 737–748. [Google Scholar] [CrossRef] [PubMed]

	



Gower, J.C. A general coefficient of similarity and some of its properties. Biometrics 1971, 27, 857–871. [Google Scholar] [CrossRef]

	



Gower, J.C. Some distance properties of latent root and vector methods used in multivariate analysis. Biometrika 1966, 53, 325–338. [Google Scholar] [CrossRef]

	



Mason, N.W.; Mouillot, D.; Lee, W.G.; Wilson, J.B. Functional richness, functional evenness and functional divergence: The primary components of functional diversity. Oikos 2005, 111, 112–118. [Google Scholar] [CrossRef]

	



Laliberté, E.; Legendre, P.; Shipley, B.; Laliberté, M.E. Measuring Functional Diversity from Multiple Traits, and Other Tools for Functional Ecology. R Package FD 2014. Available online: https://www.scirp.org/(S(i43dyn45teexjx455qlt3d2q))/reference/ReferencesPapers.aspx?ReferenceID=1820451 (accessed on 17 September 2020).

	



Jetz, W.; Thomas, G.; Joy, J.; Hartmann, K.; Mooers, A. The global diversity of birds in space and time. Nature 2012, 491, 444–448. [Google Scholar] [CrossRef] [PubMed]

	



Kembel, S.W.; Cowan, P.D.; Helmus, M.R.; Cornwell, W.K.; Morlon, H.; Ackerly, D.D.; Blomberg, S.P.; Webb, C.O. Picante: R tools for integrating phylogenies and ecology. Bioinformatics 2010, 26, 1463–1464. [Google Scholar] [CrossRef]

	



Abatzoglou, J.T.; Dobrowski, S.Z.; Parks, S.A.; Hegewisch, K.C. TerraClimate, a high-resolution global dataset of monthly climate and climatic water balance from 1958–2015. Sci. Data 2018, 5, 170191. [Google Scholar] [CrossRef]

	



Price, C.V.; Nakagaki, N.; Hitt, K.J.; Clawges, R. Enhanced Historical Land-Use and Land-Cover Data Sets of the US Geological Survey; US Department of the Interior, US Geological Survey: Washington, DC, USA, 2007.

	



Center for International Earth Science Information Network—CIESIN—Columbia University. Global Population Density Grid Time Series Estimates; NASA Socioeconomic Data and Applications Center (SEDAC): Palisades, NY, USA, 2017. [CrossRef]

	



Yatish, S.; Jiarpakdee, J.; Thongtanunam, P.; Tantithamthavorn, C. Mining Software Defects: Should We Consider Affected Releases? In Proceedings of the International Conference on Software Engineering (ICSE), Montreal, QC, Canada, 25–31 May 2019. [Google Scholar]

	



Queen, J.P.; Quinn, G.P.; Keough, M.J. Experimental Design and Data Analysis for Biologists; Cambridge University Press: Cambridge, UK, 2002. [Google Scholar]

	



Pinheiro, J.; Bates, D.; R Core Team. Nlme: Linear and Nonlinear Mixed Effects Models. R Package Version 3.1-162. 2023. Available online: https://CRAN.R-project.org/package=nlme (accessed on 17 September 2020).

	



Groemping, U.; Matthias, L. Package ‘relaimpo’. Relative Importance of Regressors in Linear Models (R Package Version). 2018. Available online: https://prof.bht-berlin.de/groemping/software/relaimpo/ (accessed on 17 September 2021).

	



Essl, F.; Dawson, W.; Kreft, H.; Pergl, J.; Pyšek, P.; Van Kleunen, M.; Weigelt, P.; Mang, T.; Dullinger, S.; Lenzner, B. Drivers of the relative richness of naturalized and invasive plant species on Earth. AoB Plants 2019, 11, plz051. [Google Scholar] [CrossRef]

	



Del Grosso, S.; Parton, W.; Stohlgren, T.; Zheng, D.; Bachelet, D.; Prince, S.; Hibbard, K.; Olson, R. Global potential net primary production predicted from vegetation class, precipitation, and temperature. Ecology 2008, 89, 2117–2126. [Google Scholar] [CrossRef]

	



Meyerson, L.A.; Mooney, H.A. Invasive alien species in an era of globalization. Front. Ecol. Environ. 2007, 5, 199–208. [Google Scholar] [CrossRef]

	



Essl, F.; Dullinger, S.; Rabitsch, W.; Hulme, P.E.; Hülber, K.; Jarošík, V.; Kleinbauer, I.; Krausmann, F.; Kühn, I.; Nentwig, W. Socioeconomic legacy yields an invasion debt. Proc. Natl. Acad. Sci. USA 2011, 108, 203–207. [Google Scholar] [CrossRef] [PubMed]

	



Coetzee, B.W.; Chown, S.L. Land-use change promotes avian diversity at the expense of species with unique traits. Ecol. Evol. 2016, 6, 7610–7622. [Google Scholar] [CrossRef] [PubMed]

	



Sol, D.; Bartomeus, I.; Griffin, A.S. The paradox of invasion in birds: Competitive superiority or ecological opportunism? Oecologia 2012, 169, 553–564. [Google Scholar] [CrossRef] [PubMed]

	



Dyer, E.E.; Cassey, P.; Redding, D.W.; Collen, B.; Franks, V.; Gaston, K.J.; Jones, K.E.; Kark, S.; Orme, C.D.L.; Blackburn, T.M. The global distribution and drivers of alien bird species richness. PLoS Biol. 2017, 15, e2000942. [Google Scholar] [CrossRef]

	



Lovell, R.S.; Blackburn, T.M.; Dyer, E.E.; Pigot, A.L. Environmental resistance predicts the spread of alien species. Nat. Ecol. Evol. 2021, 5, 322–329. [Google Scholar] [CrossRef]

	



Lazarina, M.; Sgardelis, S.P.; Michailidou, D.E.; Tsianou, M.; Andrikou-Charitidou, A.; Touloumis, K.; Kallimanis, A.S. Replacement drives native β-diversity of British avifauna, while richness differences shape alien β-diversity. Divers. Distrib. 2023, 29, 61–74. [Google Scholar] [CrossRef]

	



Borges, P.A.; Rigal, F.; Ros-Prieto, A.; Cardoso, P. Increase of insular exotic arthropod diversity is a fundamental dimension of the current biodiversity crisis. Insect Conserv. Divers. 2020, 13, 508–518. [Google Scholar] [CrossRef]

	



Blonder, B. Do hypervolumes have holes? Am. Nat. 2016, 187, E93–E105. [Google Scholar] [CrossRef]

	



Blackburn, T.M.; Delean, S.; Pyšek, P.; Cassey, P. On the island biogeography of aliens: A global analysis of the richness of plant and bird species on oceanic islands. Glob. Ecol. Biogeogr. 2016, 25, 859–868. [Google Scholar] [CrossRef]

	



Encyclopedia of Life. Available online: http://eol.org (accessed on 15 July 2018).

	



Myers, P.; Espinosa, R.; Parr, C.S.; Jones, T.; Hammond, G.S.; Dewey, T.A. The Animal Diversity Web. 2019. Available online: https://animaldiversity.org (accessed on 15 July 2018).

	



Sibley, D.A. The Sibley Guide to Birds, 2nd ed.; Knopf: New York, NY, USA, 2014. [Google Scholar]








[image: Diversity 15 00417 g001 550] 





Figure 1. Alien bird species richness in the 2000s (blue coloured map), and alien species communities’ temporal beta-diversity from the 1980s to the 2000s (green coloured map) in the State of New York. 
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Figure 2. Effect plots showing the results of the multivariate Generalized Least Squares models predicting 2000s alien species richness and alien temporal beta-diversity as function of 1980s abiotic and biotic factors. In figure, factors with the highest relative importance according to hierarchical partitioning are presented (for details, see main text). The solid line represents the predicted values and the bands represent the 95% confidence interval for response variable richness, adjusted for spatial autocorrelation. 
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Figure 3. Relative importance (%) of variance explained by the multivariate model using the 1980s abiotic and biotic factors as predictors and the observed values of alien species richness and temporal beta-diversity in the 2000s as the response variables, calculated through a Hierarchical Partitioning approach. The values are normalized to sum to 100%. Abiotic factors: Tmax (20 year average of maximum temperature), PPT (20 year average of precipitation), Developed (% area covered by developed land-uses), Agricultural (% area covered by agricultural land-uses), LandDiv (Shannon’s diversity index of land uses). Biotic factors: PopDen (1980s human population density), Alien SR and Native SR (1980s alien and native species richness), Native FDis (native functional dispersion), Native MPD (native phylogenetic Mean Pairwise Distance). 
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Table 1. AIC values of the single-predictor generalized least squares (GLS) models predicting alien species richness and alien species temporal beta-diversity as functions of different abiotic and biotic factors, and of the multivariate GLS models that include all of the predictors. Fit (adjusted R2 values) of a generalized linear model (GLM) between the predicted values of each GLS model and the observed values of alien species richness and temporal beta-diversity in the 2000s. The number of asterisks next to each R2 value indicates the p-value of the GLM. Abbreviations: Tmax = 20 year (1968-1988) average of maximum temperature, PPT = 20 year (1968-1988) average of precipitation, Developed = % area covered by developed land-uses in the 1980s, Agricultural = % area covered by agricultural land-uses in 1980s, LandDiv = Shannon’s diversity index of land uses, PopDen = 1980s human population density, Alien SR and Native SR = 1980s alien and native species richness, Native FDis = native functional dispersion, Native MPD = native phylogenetic Mean Pairwise Distance.
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Predictors (1980s)

	
Alien Species Richness (2000s)

	
Alien Temporal Beta-Diversity




	
AIC

	
R2

	
AIC

	
R2






	
Tmax

	
21,304.59

	
0.343 ***

	
−4199.23

	
0.258 ***




	
PPT

	
21,466.01

	
0.088 ***

	
−3840.59

	
0.0391 ***




	
LandDiv

	
21,410.64

	
0.065 ***

	
−3847.55

	
0.0192 ***




	
Developed

	
21,526.44

	
0.036 ***

	
−3861.10

	
0.0599 ***




	
Agricultural

	
21,448.51

	
0.232 ***

	
−3932.30

	
0.134 ***




	
PopDen

	
21,540.96

	
0.013 ***

	
−3814.484

	
0.0246 ***




	
Alien SR

	
21,120.53

	
0.451 ***

	
−5387.39

	
0.457 ***




	
Native SR

	
21,347.59

	
0.032 **

	
−4025.42

	
0.040 ***




	
Native FDis

	
21,411.59

	
0.1494 ***

	
−3936.52

	
0.114 ***




	
Native MPD

	
21,500.44

	
0.048 ***

	
−3968.500

	
0.086 ***




	
Multivariate model

	
20,554.29

	
0.569 ***

	
−5526.491

	
0.480 ***








** p < 0.01; *** p < 0.001.
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Table 2. Results of the multivariate generalized least squares (GLS) models predicting alien species richness and alien species temporal beta-diversity in the 2000s as functions of different abiotic and biotic factors from the 1980s. Abbreviations: Tmax = 20 year (1968-1988) average of maximum temperature, PPT = 20 year (1968-1988) average of precipitation, Developed = % area covered by developed land-uses in the 1980s, Agricultural = % area covered by agricultural land-uses in 1980s, LandDiv = Shannon’s diversity index of land uses, PopDen = 1980s human population density, Alien SR and Native SR = 1980s alien and native species richness, Native FDis = native functional dispersion, Native MPD = native phylogenetic Mean Pairwise Distance.
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Alien Species Richness (2000s)

	
Alien Temporal Beta-Diversity




	

	
Coef.

	
SE

	
p

	
Coef.

	
SE

	
p






	
(Intercept)

	
−3.806

	
1.004

	
0.000

	
0.727

	
0.060

	
0.000




	
Tmax

	
0.717

	
0.046

	
0.000

	
−0.006

	
0.003

	
0.020




	
PPT

	
−0.017

	
0.006

	
0.005

	
−0.001

	
0.000

	
0.010




	
LandDiv

	
0.997

	
0.108

	
0.000

	
−0.011

	
0.007

	
0.122




	
Developed

	
0.027

	
0.012

	
0.027

	
−0.004

	
0.001

	
0.000




	
Agricultural

	
0.102

	
0.007

	
0.000

	
−0.005

	
0.000

	
0.000




	
PopDen

	
0.000

	
0.000

	
0.562

	
0.000

	
0.000

	
0.562




	
Alien SR

	
0.194

	
0.017

	
0.000

	
−0.036

	
0.001

	
0.000




	
Native SR

	
0.021

	
0.003

	
0.000

	
0.000

	
0.000

	
0.120




	
Native FDis

	
28.749

	
3.707

	
0.000

	
0.972

	
0.279

	
0.001




	
Native MPD

	
−0.049

	
0.005

	
0.000

	
−0.001

	
0.000

	
0.064




	
AIC: 20,554.29, R2 = 0.5687, p < 0.005

	
AIC: −5526.491, R2 = 0.4803, p < 0.005
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