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Predicting the distribution of Invasive alien species (IAS) using species distribution models is promising for conservation planning. To achieve accurate predictions, it is essential to explore species niche dynamics. New approaches are necessary for bringing this analysis to real conservation management needs. Using multi-site comparisons can provide great useful insights to better understand invasion processes. Exploring the fine-scale niche overlap between IAS and native species sharing a location can be a key tool for achieving the implementation of local species conservation actions, which can play a fundamental role in the global management of IAS. This can also increase society’s awareness of the threat of IAS. In this context, here, we explored two key research demands. First, we studied the large-scale niche dynamics of the invasive species Paraserianthes lophantha (Willd.) I.C. Nielsen’s considering different invaded areas. The analysis compared niches of the native range (South Western Australia) with the Australian invaded range (eastern Australia); the native range with the European invaded range, and its full Australian range (native plus invaded range) with the European invaded range. Second, we perform a fine-scale niche overlap analysis at landscape scale in Spain. We studied the niche overlap between P. lophantha and a species with remarkable conservation interest (Quercus lusitanica Lam). All the niche analyses were realized following a well-established ordination (principal component analysis) approach where important methodological aspects were compared and analyzed. Our multi-site study of P. lophantha large-scale niche dynamics detected niche shifts between the Australian ranges demonstrating that the species is labile and may potentially adapt to further European climate conditions and spread its invasive range. Comparative analysis between the European and the full Australian ranges supports that calibrate models including the Australian invasive information is promising to accurate predict P. lophantha European potential distribution. The fine-scale study of niche overlap further explained the potential of this IAS and can be used as a model example of how these local studies can be used to promote the implementation of conservation actions in situ as a complement to large-scale management strategies.
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1. Introduction

In an era of globalization, invasive alien species (IAS) are increasingly being introduced into new regions worldwide (Meyerson and Mooney, 2007; Van Kleunen et al., 2015; Early et al., 2016; Turbelin et al., 2017). In the places they invade, they cause irreversible damages that scale from species (Bellard et al., 2016) to communities and ecosystems (Charles and Dukes, 2007; Vilà et al., 2010, 2011; Pyšek et al., 2012). This has led IAS to be one of the main threats to biodiversity globally (Vitousek et al., 1997; Mcgeoch et al., 2010; Nic Lughadha et al., 2020). Anthropogenic changes of great impact such as the global climate change or the human transformation of natural ecosystems are accelerating different invasion processes (Vilà et al., 2007; Hellmann et al., 2008). Therefore, there is increasing consensus from the international community that urgent act against IAS is key to protecting biodiversity (Mack et al., 2000; Early et al., 2016; Funk et al., 2020; Van Rees et al., 2022) and reducing socio-economic impacts (Pimentel et al., 2000; Angulo et al., 2021; Diagne et al., 2021; Cuthbert et al., 2022).

Selecting relevant research topics to provide support to the management and to address the concern of the general public will help to better act against IAS (Courchamp et al., 2017; Funk et al., 2020). Avoiding constraining analysis to specific invasion contexts by studying species at multiple sites is needed for increasing in-depth research knowledge to avoid underestimating the expansion potential of an IAS when guiding management initiatives (Kueffer et al., 2013). To integrate into the research of IAS niche dynamics the analysis of the potential impacts on populations of native species at risk can be useful to raise public and administration awareness of the urgency to implement conservation programs (Courchamp et al., 2017; Funk et al., 2020). Performing this kind of study at a fine-scale represents an opportunity to achieve the implementation of local species proactive conservation actions. On the other hand, invasion science has tended to focus on making theoretical integrations or generalizations from insights derived from well-known plant invaders to prioritize management actions (Pyšek et al., 2008; Hulme et al., 2013; Matzek et al., 2015). However, further research on new “model species” can offer novel insights for making robust meaningful recommendations (Kueffer et al., 2013; Gundale et al., 2014). Interesting new breakthroughs can arise from novel model systems such as understudied IAS (Kueffer et al., 2013), species closely related to proven invaders (Kumschick et al., 2015) or recently introduced populations, over which the possibility to successfully control the invasion process increases (Wilson et al., 2011; Cuthbert et al., 2022).

Niche-based modeling of species distributions is one of the most promising tools for conservation planning (Guisan and Thuiller, 2005; Thuiller et al., 2005; Guisan et al., 2013; Fernandes et al., 2019; Van Rees et al., 2022). Information on current IAS potential distributional and range expansion patterns and its projection to future climate-changing conditions is valuable information to elaborate spatial-explicit recommendations for conservation managers (Thomas et al., 2004; Bradley et al., 2010). The potential extent of invasion in the new range is identified by transferring models fitted in the native range under the assumption that species’ ecological niches (niche conservatism hypothesis) are conserved across geographical space (Thuiller et al., 2005). However, niches could not be static and may suffer changes as expansions, contractions or shifts over space and time, what is known as “niche dynamics” (Pearman et al., 2008; Soberón and Nakamura, 2009; Wiens et al., 2010). So, to achieve accurate predictions for introduced IAS and correctly interpret findings, it is needed to first explore its niche dynamics (Pearson and Dawson, 2003; Pearman et al., 2008; Wiens et al., 2010; Parravicini et al., 2015; Sequeira et al., 2018). This kind of research identifies the amount of niche changes but also allows increased understanding of species tolerances to environmental conditions (Chase and Leibold, 2003; Sax et al., 2013), answer key questions for ecology and conservation biology about assumptions of niche conservatism (Wiens et al., 2010) or the potential consequences of global change on future species ranges (Pearman et al., 2008; Petitpierre et al., 2012). Taken together, these results are highly valuable to offer support for the development of management strategies (Sax et al., 2013; Liu et al., 2020a).

Many attempts tried to make generalizations about how common are niche shifts in introduced plants. A widespread debate exists. “Some studies that synthesized findings from studies of many species show that niche shifts are common (Early and Sax, 2014; Dellinger et al., 2016; Atwater et al., 2018) while others found that niche conservatism is more frequent (Petitpierre et al., 2012). What remains clear is that there is still a need for species-specific research (Liu et al., 2020a,b) following the newest methodological recommendations (Liu et al., 2022) and for the use of techniques that can characterize and compare species interactions with the environment to address that question meaningfully (Peterson, 2011; Guisan et al., 2014; Bates and Bertelsmeier, 2021; Liu et al., 2022).

The classical approach to studying IAS niche dynamics consists in comparing niches between the native range and another single invasion range (Pearman et al., 2008; Soberón and Nakamura, 2009; Wiens et al., 2010). However, multi-site comparative studies of climatic niche dynamics between the native and more than one invasion range can offer some important insights to better understand the invasion processes (Broennimann et al., 2014). This kind of study assessing if niche shifts are consistent across several ranges are less frequent (but see Guo et al., 2013; Bulleri et al., 2016; Silva et al., 2016; Hill et al., 2017; Datta et al., 2019; Christina et al., 2020; Dinis et al., 2020; Carlin et al., 2022). Specifically, no studies have explored the niche dynamics of an IAS between (i) the native range and one invaded range and (ii) another different invaded range. Combining data from the native range and one of the invaded ranges may prevent the underestimation of the potential extension of another invaded range.

The need to explore species-environment relationships across different scales and resolutions has been pointed out for our increased understanding of species distributions patterns (Pearson and Dawson, 2003; Guisan and Thuiller, 2005; Vicente et al., 2014). Particularly, examining the species-climate relationships is crucial to assess niche dynamics at coarse-scales (Soberón and Nakamura, 2009), at which climate governs species distribution ranges (Thuiller et al., 2004). This kind of analysis is a prerequisite to address appropriately the potential effects of global change on future distributions (Pearson and Dawson, 2003; Pearman et al., 2008; Bellard et al., 2013; Chevalier et al., 2022). However, complementary finer-scale niche-based studies may be necessary to better examine the realized niches occupied during biological invasions (Guisan et al., 2014). The use of high resolution variables (meters) capturing non-climatic factors can reveal the mechanisms underlying local plant distributions (Wiens, 1989; Guisan and Zimmermann, 2000; Pearson and Dawson, 2003; Guisan and Thuiller, 2005; Mateo et al., 2019a,b). Furthermore, fine-scale niche studies can allow a deeper insight into the potential interactions between IAS and native species sharing a location. Despite various studies have explored IAS-natives niches overlaps (e.g., Alves et al., 2021; Bercê et al., 2021; Castellanos-Mejía et al., 2021), no published study has investigated that question at landscape fine-scale (<1 km res). Results such as the observed overlap from these fine-scale studies can be used as a criterion to determine if the IAS can threaten the conservation of co-occurring vulnerable native species.

Here, we want to answer two research questions. First, to address whether the multi-site study of the niche dynamics between the native range and more than one invasion range can contribute to anticipate the expansion potential of invasive alien species (H1), we performed a large-scale macroclimatic multi-site comparison study of the invasive crested wattle [Paraserianthes lophantha (Willd.) I.C. Nielsen] niches in which we quantified, compared and tested assumptions of niche conservatism. Niches were compared between both its native range (South Western Australia) and its full range (native and invasive) in Australia and two invasion ranges (Europe and eastern Australia). Second, to discuss whether can a micro niche overlap study between an IAS and a native species be used for local conservation purposes (H2), we studied the fine-scale niche overlap between the invasive P. lophantha and the native oak shrub species with special interest for conservation Quercus lusitanica Lam. in their contact area in the Galician massif of Monte Pindo (NW Spain). Several attempts have been made to assess if P. lophantha could threaten Q. lusitanica in this locality (Santamarina et al., 2019, 2022). However, no studies have explicitly assessed that question in terms of niche overlap. To our knowledge, this is the first attempt to integrate into a single niche study a large-scale (macroclimate) analysis of niche dynamics of an IAS between different sites and a finer-scale niche-based analysis of overlap between an IAS and a native species with conservation interest.



2. Materials and methods


2.1. Species

Paraserianthes lophantha (Willd.) I.C. Nielsen is a tree that grows up to 10–15 m tall under favorable conditions but just as a sprawling shrub 1–2 m tall on unfavorable sites (Doran and Turnbull, 1997; Cowan, 1998). It is the closest relative of Australian wattles (Acacia s.s.; Brown et al., 2008) and is natural from the near coastal areas of South-western Australia (Cowan, 1998). P. lophantha has been introduced and become naturalized or invasive in multiple territories around the world such as in the eastern and coastal South-eastern Australia, New Zealand, India, Indonesia, the South Africa, Canary Islands, Madeira, the European continent, United States of America, some South American countries from Colombia and Venezuela to Chile (Randall, 2017). The earliest introduction outside its natural occurrence range corresponds to Australia and could be set around the 1770’s based on occurrence records included in the online plant reference database Global Biodiversity Information Facility (GBIF, 1accessed December 2020). In Europe, the species was first cultivated in 1800 from material collected in its natural range during the “d’Entrecasteaux expedition” that traveled the coasts of Australia (Ventenat et al., 2013). Previous research suggests that events of introduction of P. lophantha were produced from a limited source of native individuals and/or populations both in Australia (Carlyon et al., 2015; Brown et al., 2020) and in Europe (Thompson et al., 2016). Currently, P. lophantha occupies a widespread naturalized range in both Europe and coastal South-eastern Australia.

There was a lapsus of time from the introduction to the year of the first record of the species in the wild in Europe as subspontaneous (1910s), and the “invasive expansion phase” (1990s). Therefore, it can be considered that is in an early invasive in Europe. This phase is occurring in some locations of Portugal and Spain (including the contact area with Quercus lusitanica in Monte Pindo), the species has shown invasive behavior and produced ecological impacts. Specifically, features of invasiveness reported are the prevent of development of native vegetation via shading of dense stands, alteration of habitat conditions due to nitrogen deposition (Martín Osório et al., 2008; Fagúndez, 2019; Santamarina et al., 2022), therefore, an alteration in the habitat structure, community succession and ecosystem dynamics (Grime, 2012).

According to the Worldwide Bioclimatic Classification System, 1996–2018 proposed by Rivas-Martínez et al. (2011), online,2 P. lophantha’s natural distribution occupies territories with Mediterranean pluviseasonal-oceanic bioclimate (Supplementary Figure S2). Therefore, native area is characterized by irregular precipitation (most comes in heavy winter rains and the summer during at least 2 months is dry) and low continentality (not a lot of annual variation in temperature due to high oceanic influence). A portion of its introduced ranges in Australia and in Europe are also under the same bioclimate. However, the invaded distribution in these territories has reach temperate oceanic and hyperoceanic bioclimates (Supplementary Figure S2), so it is expected that the species experience less than 2 aridity months during the summer and low annual oscillation of temperatures. In its Australian native range, it grows in open eucalypt forests, Allocasuarina ssp. and Melaleuca ssp. shrubs, scrublands, and coastal grasslands (Cowan, 1998), at altitudes between sea level and near 200 m. In its Australian invaded range, it grows in open-forest, woodlands, along the banks of rivers and streams or around marshy areas (Doran and Turnbull, 1997) growing up at 700 meters, according to GBIF database records. In the European invasive range, P. lophantha has been closely associated with human-modified environments (García-Duro et al., 2019; Santamarina et al., 2022) and reaches altitudes of near 400 meters.

Quercus lusitanica Lam. is a singular shrubby oak (Amaral Franco, 1990; Llamas et al., 2003) native to several disjoint areas in the west of the Iberian Peninsula and North Africa (Morocco). Q. lusitanica’s main distribution is in the southern half of the Iberian Peninsula and Morocco, where it occupies territories the same bioclimate as P. lophantha in its native Australian range (Mediterranean pluviseasonal-oceanic bioclimate). In this territory, it is found in subsoil of cork oaks or pine forests and scrub, on siliceous soils, especially in sandy soils (Amaral Franco, 1990). Its population of Monte Pindo situated in the North West of Spain (Galician region; Figure 1) represents the northwestern distribution limit of the species (Rivas-Martínez and Sáenz Laín, 1991). Despite being in a territory within the temperate climate (Rivas-Martínez et al., 2014), in Monte Pindo Sub-Mediterranean favorable conditions for the species occur (Amigo and Romero Buján, 2018). Q. luitanica grows in this locality on shrubs placed on steep south-oriented warm sunny stony slopes on underdeveloped soils (Amigo and Romero Buján, 2018). The presence of P. lophantha due to human intervention is one of the potential threats facing the population of Q. lusitanica in this locality (Amigo and Romero Buján, 2018; Santamarina et al., 2019, 2022). The species has a vulnerable status in the Galicia region (Galician Decree 167/2011; DOG 2011). It is also an important component of habitat 4030 ‘European dry heaths’, in the list of Habitats of European Interest of the European Directive 92/43/EEC.
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FIGURE 1
 Niche comparisons performed in this work. The large-scale study of Paraserianthes lophantha macroclimatic niche dynamics involves a comparison between niches from its Australian native range and its Australian invasive range (AN-AI comparison) niches from its Australian native range and its European invasive range (AN-EI) niches from its full Australian range (native and invasive) and its European invasive range (AF-EI). The fine-scale study of niche overlap between P. lophantha and Quercus lusitanica involves comparisons between the niches occupied by both species in the local area of Monte Pindo. Fine-scale study of niche overlap between P. lophantha and Quercus lusitanica in Monte Pindo. Solid and dotted contour lines represent 100 and 50% of the available environmental conditions that exist in available environment in Monte Pindo. Green areas represent climates only occupied by P. lophantha, blue areas indicate climates occupied both by the native Q. lusitanica and the introduced P. lophantha, red areas represent climates only occupied by Q. lusitanica. Shading indicates the density of occurrences.




2.2. Niche analysis framework

To answer if the multi-site study of the niche dynamics between the native range and more than one invasion range can avoid to underestimating the expansion potential of an IAS (H1), we analyzed Paraserianthes lophantha macro climatic niche dynamics in two ways: On one hand, niches of P. lophantha were compared between the native range in South Western Australia and each of the two invasive ranges in eastern Australia and Europe (hereafter AN-AI and AN-EI comparisons, respectively). On the other hand, the analysis was performed comparing the full Australian range (including both native and invasive distributions) and the invasive range in Europe (hereafter AF-EI). In order to answer if the results of a micro niche overlap analysis could be used for local conservation purposes (H2), we performed a study of the invasive P. lophantha and the native Quercus lusitanica micro niches taking into account only their distribution ranges in its contact area in the Galician massif of Monte Pindo (Figure 1).



2.3. Background regions

The ordination approach performed (Broennimann et al., 2012; Petitpierre et al., 2012) requires information on environmental conditions from the entire study areas (background regions, BR). The research focused on quantifying niche changes has highlighted the importance of selecting the appropriate extent of BR to improve the accuracy of niche change measures (Guisan et al., 2014; Mateo et al., 2015; Qiao et al., 2017; Chefaoui and Varela-Álvarez, 2018). This is an important issue for the large-scale macroclimatic study of Paraserianthes lophantha niche dynamics since it involves the comparison between niches from different geographic ranges. The use of regions with ecological relevance such as biomes or ecoregions has been recommended to define the study ranges in these cases (Guisan et al., 2014). Furthermore, the use of large biogeographic regions exhibited successful results for invasive species with large and disjunct distributions (Mateo et al., 2015). Therefore, to assess the impact of the definition of the background, we run all the P. lophantha niche dynamics analyses comparing ecoregions, biomes (mapped by Olson et al., 2001), and continents containing P. lophantha occurrence ranges as BR. All the BR pre-selected to capture species-environment relationships and the available climate space to make niche comparisons in both are recompiled in Supplementary Table S1 and represented in Supplementary Figure S1. The use of continents as BR reduced the impact of the non-analogous environments on dynamic indices (see S2 for extensive justification), so we present only that results in this main document and the rest are provided in the Supplementary Figure S3.

Background regions for the fine-scale study of niche overlap between P. lophantha and Quercus lusitanica was defined previously (Monte Pindo, Santamarina et al., 2019). In each of the different BR, the environmental information was extracted from 10.000 randomly generated points (Mateo et al., 2015), The minimum distance between points was 0.0083 and 0.0003 decimal degrees (same as the spatial resolution of variables selected for each study area, to avoid sampling bias; Phillips et al., 2009; Syfert et al., 2013). The R package ‘sp’ (Pebesma and Bivand, 2005) was used to sample random points.



2.4. Species occurrence data

A high-resolution occurrence database (coordinates with errors <1 km for large-scale or < 25 m for fine-scale niche analysis) of Paraserianthes lophantha and Quercus lusitanica contrasted in previous studies (Santamarina et al., 2019) was used in niche analysis. The database compiles records revised by the authors from online plant reference databases GBIF (2018),3 Flora-On (Carapeto et al., 2018), SIVIM (Font, 2013), and Anthos (Aedo, 2012), some of them consulted at their original source and located in samplings or studying the images of Google Earth™. The database was updated with actualized presence data collected from GBIF (GBIF, 4accessed December 2020) and some occurrence data located by new fieldwork. All species distributions newly recorded from GBIF were examined and plotted on maps to detect potentially unreliable citations. We separated the occurrence records at the same distance as the background points to avoid the potential effects of sample selection bias (Phillips et al., 2009; Syfert et al., 2013). The final sice of occurrence data of Paraserianthes lophantha are 71 to Australian native range, 355 to Australian invasive range, 131 to European invasive range, 426 to Australian full range (native and invasive) and 119 to Local Monte Pindo range. The number occurrence records compiled of Q. lusitanica to Local Monte Pindo rage are 256. The spatial distribution of compiled occurrence records of each species is represented in Supplementary Figure S1.



2.5. Environmental variables

To assess large-scale (macroclimate) niche dynamics of Paraserianthes lophantha, candidate variables selected were bioclimatic, which are widely recognized as key drivers of plant species ranges across large scales (Guisan and Thuiller, 2005) and decisive to assess invasion potentials (Thuiller et al., 2005) or global change impacts (Pearson and Dawson, 2003). The 19 bioclimatic variables available globally at 30 arc-seconds spatial resolution (~1x1km) from the CHELSA 2.1 database (Karger et al., 2017)5 were downloaded for the 1981–2010 period. To reduce correlation-related noise, we examined the pair-wise correlations throughout all the study areas together. Among variables with a pairwise Pearson correlation coefficient higher than 0.70 (Elliott and Green, 1980; Dormann et al., 2013), the variable most adequate to be correctly downscaled (Mateo et al., 2019a,b) and the most potential biology meaningfulness (Araújo et al., 2019) was selected. The final selected bioclimatic variables were BIO5 (Max Temperature of Warmest Month), BIO6 (Min Temperature of Coldest Month), BIO7 [Temperature Annual Range (BIO5-BIO6)], BIO13 (Precipitation of Wettest Month), and BIO14 (Precipitation of Driest Month).

To assess fine-scale niche overlaps between P. lophantha and Quercus lusitanica in the local study area (Monte Pindo), we used high-resolution variables (25 × 25m spatial resolution), which are expected to shape plant distributions at the landscape scale (Wiens, 1989; Guisan and Zimmermann, 2000; Pearson and Dawson, 2003; Guisan and Thuiller, 2005). Specifically, we selected the heat load index (HLI), solar radiation aspect index (SRAI) and slope variables to represent microsite topography conditions of Monte Pindo that shown to be good predictors characterizing the local habitat of the species (Santamarina et al., 2019). The soil variable was selected since edaphological conditions have a great importance to explain the ecological preferences of both species in this locality (Amigo and Romero Buján, 2018; García-Duro et al., 2019). We also included a variable related with hidrography (“distance to rivers”) to capture non stressful humidity microsites within the abrupt orography of the massif of Monte Pindo.

The selected bioclimatic variables for the macroclimatic study were downscaled to 25 m resolution following the procedure described in Mateo et al. (2019a). Raster data of temperature variables are downscaled using local linear regressions and those of precipitation variables using resample function of the R package raster (Hijmans and Joe, 2017). The same bioclimatic variables in the two work scales were used so that the analyses are comparable. Variables related to the topography such as heat load index (HLI), solar radiation aspect index (SRAI), streams (intermediate variable to calculate “distance to rivers”) and slope were derived from the digital elevation model, DEM (IGN, 2015). The edaphological variable (soil) was obtained by georeferencing the soil map available for the Monte Pindo study area at a scale of 1:50.000 (Calvo de Anta and Macías Vázquez, 2005), digitizing its categories into a vectorial map and subsequently transforming it into a raster map. Distance to rivers (RiverDistance, the least distance to any stream in m) was calculated from streams variable using geospatial hydrologic modeling extensions of ArcGIS.

All analyses performed using package Ecospat and map matching operations were done using R 1.4.1717 (R Core Team, 2022). Quantum GIS 3.6.3-Noosa (QGIS Geographical Information System6) software was used to species data preparation, generation of background points and final map representation. ArcMap 10.8. from ArcGIS Desktop (ESRI)7 software was used to some mapping.



2.6. Niche comparisons analysis

The method proposed by Petitpierre et al. (2012) and Broennimann et al. (2012) was followed for niche comparisons since has been considered the gold standard approach (Guisan et al., 2014; Di Cola et al., 2017; Atwater et al., 2018). All the analyses were run using the functions included in the R package Ecospat (Di Cola et al., 2017; Broennimann et al., 2021). The analysis workflow was performed for each niche comparison as follows: First, species density of occurrences for each study area were calculated using a kernel smoother density function applied to each cell of a gridded environmental space of 100 × 100 resolution. The gridded environmental space was defined by the first two axes of a principal component analysis (PCA) calculated from the range of environmental conditions present in the study areas (BR). Each cell represents one unique combination of environmental conditions. Then, the widely used Schoener’s D metric of niche overlap (Schoener, 1970) was calculated using the gradients of species occurrence densities in the PCA. This measure provides an overall indication of the match between two niches and ranges from 0 (no overlap) to 1 (complete overlap). We follow the various categories suggested by Rödder and Engler (2011) to easily interpret the results: 0–0.2 = no or very limited overlap, 0.2–0.4 = low overlap, 0.4–0.6 = moderate overlap, 0.6–0.8 = high overlap, 0.8–1.0 = very high overlap.

Equivalency randomization test was run to test the hypothesis of niche conservatism (Warren et al., 2008). Because we wanted to test for niche conservatism, the Ecospat parameter alternative “greater” was selected. The niche equivalency test assesses whether niches of two species in two geographical ranges are statistically equivalent. To test this hypothesis, determine if niche overlap is constant if occurrences are randomly reallocated among groups. If the hypothesis of realized niche equivalency (H0: niches are not more equivalent than expected by chance) is accepted (p > 0.05), then it can be concluded that niches are not significantly conserved between ranges. The test was run with 100 permutations to increase the statistical power to test the conservatism hypothesis (Warren et al., 2008).

Dynamic metrics of niche stability (S), unfilling (U), and expansion (E) were calculated to quantify and decompose the niche changes for the invasive P. lophantha or differences in the densities between P. lophantha and Q. lusitanica (Petitpierre et al., 2012). Niche stability is the proportion of niche A conditions overlapping with niche B. Niche expansion is the proportion of niche B range that does not overlap with niche A. Niche unfilling corresponds to the proportion of the niche A non-present in niche B. The use of non-analogous environments between regions can potentially impact the ability to identify niche shifts accurately in the analysis (Petitpierre et al., 2012). Therefore, P. lophantha large-scale macroclimatic niche shift metrics in AN-EI and AF-EI niche comparisons (involving two different geographical regions) were calculated across the 75th percentile of the marginal climates of the backgrounds being compared, which avoids an overestimation of niche shifts (Guisan et al., 2014). Grids with densities of species occurrence from each study area were plotted in the two-dimensional PCA to visualize and evaluate niche dynamic categories (overlap, unfilling and expansion areas). Niche dynamics along every single variable were also examined to better interpret the niche shifts (Liu et al., 2017).




3. Results


3.1. Large-scale macroclimatic multi-site niche dynamic study of Paraserianthes lophantha’s niches

Results from the niche overlap metric (Schoener’s D) indicated shared environmental conditions between niches compared of Paraserianthes lophantha overall (Table 1). The overlap between the Australian native range and the Australian invasive range (AN-AI) was low (D = 0.2). Niche overlaps between the Australian and the European ranges were most pronounced, achieving moderate values (D = 0.4) between Australian native and European invasive populations and (D = 0.6) between all Australian and European populations (AN-EI and AF-EI, respectively).



TABLE 1 Results of niche change indices derived from (1) Paraserianthes lophantha large-scale macroclimatic niche comparisons (2) Fine-scale study of niche overlap between P. lophantha and Quercus lusitanica.
[image: Table1]

The null hypothesis of the niche equivalency test was accepted in every case (p > 0.05), indicating that all niches of P. lophantha compared are not statistically equivalent (Table 1; AN-AI, AN-EI and AF-EI). Therefore, we can conclude that niches are not significantly conserved between native and invaded ranges (niche equivalency graphs are shown in Supplementary Figure S5).

P. lophantha experienced a large climatic niche expansion (expansion, E) in the Australian non-native range (Table 1; E = 0.6, AN-AI). The expansion was low in the European distribution compared to the Australian native range (E = 0.2, AN-EI) and the full Australian range (E = 0.1, AF-EI). The proportion of the climatic native niche occupied in the native range but not in the invaded range (unfilling, U) was relatively high in the Australian invasive range (U = 0.5, AN-AI). Unfillings detected between Australian and European populations were lowest overall. U ranged from 0 when using only the Australian native range (AN-EI) to 0.1 when niche comparisons were made between the European range and the Australian full range (AF-EI). The proportion of shared climatic space between ranges (stability, S) was lowest between the native and invasive Australian ranges (S = 0.4, AN-AI). Stability ranged from 0.8 when niche comparisons were made between the European range and the Australian native range (AN-EI) to 0.9 when using the Australian full range (AF-EI). Climatic unfilling under non-analogue conditions was detected in the European range in both analyses (AN-EI, AF-EI). Only an area with niche unfilling in analogue climates was detected in the Australian full range-European range comparisons (AF-EI).

A large change both in the climatic niche breadth (expansion) and niche centroid principally along PC1 evidence a niche shift in P. lophantha Australian native-invasive niche comparisons (AN-AI; Figure 2A). In its European invaded range, P. lophantha expanded its niche in several directions of climate space based on the niche envelope breadth along the 2 PCA axes of each PCA elaborated for Australian native - European invasive (AN-EI; Figure 2B) and Australian full range-European invasive comparisons (AF-EI; Figure 2C). In both comparisons (AN-EI, AF-EI), shifts of the niche centroids were detected, but the distance between the centroids was smaller than between native and invasive Australian populations (AN-AI). Therefore, niche positions remained more stable between Australian and European ranges than between Australian ranges.
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FIGURE 2
 Niche overlaps and dynamics of Paraserianthes lophantha between its native and introduced ranges in climatic space: (A) From Australian native range to Australian invaded range (AN-AI comparison). (B) From Australian native range to European invaded range (AN-EI). (C) from the Australian full range to the European invaded range (AF-EI). Solid and dotted contour lines represent 100 and 50% of the available environmental conditions that exist in the niche A (green lines) and niche B (red lines). Green areas represent climates only occupied in niches A (unfilling areas), blue areas represent climates occupied in niches A and B (stability areas) and red areas represent climates occupied only in niches B (expansion area). Shading indicates the species density in niche B. The red arrows show how the environmental centroid of the species niche (solid) and the background conditions (dotted) changes between regions.


The analysis of niche dynamics along each single niche variable (see Supplementary material S3) shown that climate niche of Paraserianthes lophantha was more conserved among ranges along BIO7 (Temperate annual range) and BIO6 (Min temperature of coldest month). The BIO14 (Precipitation of Driest Month) variable was the less stable in all comparisons (AN-AI, EI-AI and AF-EI). The detail examination of occurrence densities along gridded environmental gradients in univariate niche dynamics indicates that Australian invasive populations are colonizing areas less dry in the driest month (BIO14), with less precipitation in the wettest month (BIO13) and with less extreme high temperatures in the driest month than in its native range (BIO5; AN-AI). European invasive populations are colonizing areas with higher precipitations in the wettest month than in the Australian range (AN-AI and AF-EI). A greater overlap with native dry conditions was detected in Europe than in Australia, as shown in BIO14 (Precipitation of the driest month) univariate niche dynamics. An expansion to less dry conditions was also detected (AN-AI).



3.2. Study of niche overlap between invasive Paraserianthes lophantha and the native species Quercus lusitanica.

The invasive species has the bigger niche breadth. Furthermore, the niche occupied by P. lophantha is discontinuous and has two regions. The overlap between the niches of the two species was found to be low (D = 0.3). Furthermore, the niche equivalency hypothesis could not be rejected (p > 0.05), which evidences the niche differentiation between the species, as the observed niche overlap was lower than expected than chance. However, almost the entire niche of Q. lusitanica overlaps with a part of the niche of P. lophantha, and observed higher density of occurrence of both species occurs in overlapping conditions (Figure 3).
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FIGURE 3
 Fine-scale study of niche overlap between Paraserianthes lophantha and Quercus lusitanica in Monte Pindo. Solid and dotted contour lines represent 100 and 50% of the available environmental conditions that exist in available environment in Monte Pindo. Green areas represent climates only occupied by P. lophantha, blue areas indicate climates occupied both by the native Q. lusitanica and the introduced P. lophantha, red areas represent climates only occupied by Q. lusitanica. Shading indicates the density of occurrences.





4. Discussion


4.1. Can the multi-site study of the niche dynamics between the native range and more than one invasion range contribute to anticipating the expansion potential of invasive alien species?

The results of this study indicate that niches of Paraserianthes lophantha in Australia are not significantly conserved in invaded populations, which evidences that climatic niche differentiation in the continent is important. This agrees with previous work that found differences in the climatic relationships of native and invaded populations of P. lophantha in Australia (Brown et al., 2020) and supports previous research that found that niche shifts are frequent in biological invasions (Early and Sax, 2014; Dellinger et al., 2016; Atwater et al., 2018). The capacity of P. lophantha to significantly adapt rapidly to novel climatic conditions could not have been demonstrated if the study had relied only on niche comparisons between the Australian and European ranges. The failure to accept the niche equivalence hypothesis in all comparisons, suggests a lack of niche conservatism in all invaded ranges. However, the study between the Australian native and invaded ranges demonstrated a labile niche, as shown by a high expansion (E = 0.6) and displacement of the native niche centroid. In contrast, the study between the Australian native and European invaded ranges shown very limited expansion (E = 0.2), greater stability (S = 0.8) and very limited displacement in position of introduced niches, supporting a niche conservatism overall (Liu et al., 2020). Therefore, our multi-site study further supports that assessing climatic niche dynamics between the native and more than one invasion range can offer some important insights to better understand the invasion potentials of IAS (Guo et al., 2013; Broennimann et al., 2014; Bulleri et al., 2016; Silva et al., 2016; Hill et al., 2017; Datta et al., 2019; Christina et al., 2020; Carlin et al., 2022) and therefore, our hypothesis H1 can be accepted.

The climatic mismatches among Australian native and invaded ranges of P. lophantha are attributed both to large expansion (E = 0.6) and unfilling (U = 0.5). The high expansion achieved was mostly explained by a niche shift to areas less dry in the driest month, and with less extreme high temperatures in the warmest month than in its native range (Supplementary Figure S4). These new conditions are typical of the Temperate Broadleaf and Mixed Forests biome (Olson et al., 2001; Supplementary Figure S1) of temperate oceanic bioclimate regions (Rivas-Martínez et al., 2011) in which P. lophantha is expanding its invasive distribution like in some areas of eastern Australia and in Europe (Supplementary Figure S2). The drought conditions (Santamarina et al., 2022) have been suggested as can have a great impact on the species. Surrounding the native range, there are hard xeric adverse conditions that may overcome environmental tolerances of P. lophantha to this factor, acting as barriers to its natural dispersion. On the contrary, invasive populations should expand their distribution because are surrounded by a larger accessible area with less-limiting conditions, as the Australian and Europe’s temperate bioclimates (Rivas-Martínez et al., 2011). The accessibility to these suitable environments, together with the high niche unfilling detected suggests that the species has a great territory suitable to be colonized yet in Australia.

In contrast, our study found that the native climatic niche of Paraserianthes lophantha is widely conserved during its early invasion process in Europe (although niches are not statistically equivalent; Figure 2B; Table 1), which corroborates the findings of a great deal of the previous work in plant biological invasions (Petitpierre et al., 2012; Liu et al., 2020a). The Australian native niche has a substantial moderate degree of overlap with the European niche (O = 0.6) and great stability between ranges was detected (S = 0.8). This may be attributed to the presence of the species in suitable Mediterranean pluviseasonal bioclimate conditions (coastal areas of the Mediterranean basin and southern half of the Iberian Peninsula; Supplementary Figure S2). These areas are, as in its native range, characterized by low annual temperature ranges (revealing high oceanic influence) and high minimal temperatures of the coldest month (low exposure to cold and frost stress events), as shown by the he analysis of niche dynamics along each single niche variable. The ability of P. lophantha to colonize fast its climatic favorable environments at the European scale (and also its Australian invasive range) may have been likely boosted by human activity rather than P. lophantha habitat preferences. This hypothesis is supported by two clear pieces of evidence. First, there are a notable number of records of P. lophantha in Europe located at a sufficiently great distance between them to not be attributed its location to the long-dispersal natural capacity of the species (Supplementary Figure S5). Second, P. lophantha presence in invasive ranges is detected mostly close to or within human-modified environments (García-Duro et al., 2019; Santamarina et al., 2019). Taking into account these data, it can be inferred that human activity rather than a natural expansion process may be responsible for the high niche stability achieved between the native and European invasive climatic niches of P. lophantha surprisingly quickly. A note of caution must be done here. Besides the role of human activity discussed above, the dispersion of Paraserianthes lophantha may be related to unlimited dispersal capability and biological processes such as the release of biotic constraints like insect pests such as Melanterius servulus Pascoe (Impson et al., 2011), pathogens (Kleinjan and Hoffmann, 2013) or competitors.

Our results also detected the spread of P. lophantha to new environments in Europe. Despite evidence of niche conservatism and the low expansion dynamic metric obtained (E = 0.2), P. lophantha has a larger niche breadth in Europe than in its Australian native range (Figure 2B). P. lophantha expanded its niche in analogue climates, close to that of its climatic niche in Australia, but not occupied yet by the species. Therefore, we can consider that “true niche shifts” have occurred to some degree (Mandle et al., 2010; Pack et al., 2022). These areas correspond to the European temperate oceanic bioclimate regions (Rivas-Martínez et al., 2011) in which P. lophantha is expanding, showing a proven invasive behavior. One alarming possibility is that P. lophantha continues expanding its niche in Europe if it is not at equilibrium yet (Araújo and Pearson, 2005; Václavík and Meentemeyer, 2012). This is quite likely thanks to the high ability of the species to develop in different climatic conditions, as our study focused on the Australian range demonstrated (AN-AI), the low to moderate overlap achieved and the existence of both analogue and non-analogue unfilling areas in Europe (AN-EI, AF-EI; Figures 2B,C). All together, these results indicate that this species may shift and adapt to further novel environmental conditions or increase the overlap with native niches yet over the course of its spread into new areas. This is worrying, since the species could reach an even more invasive behavior in new invaded areas, as invasives often have successful faster resource use strategies in their non-native ranges (Leishman et al., 2014; Montesinos, 2022).

The existence of unfilling areas in analogue climatic conditions would not have been possible to demonstrate if the study had relied only on niche comparisons between the Australian native and European ranges (AN-EI; Figure 2B). The analysis that compared the full Australian range (including both native and invasive distributions) and the invasive range in Europe (AF-EI, Figure 2C) was the only one that detected a notable unfilling suitable space in analogue conditions and therefore, the only that achieved a score greater than zero in niche unfilling dynamic metric (U = 0.1). This is because it includes information from Australian invasive populations located in Temperate Broadleaf and Mixed Forests biomes (Supplementary Figure S1) of temperate oceanic bioclimate regions Supplementary Figure S2). If analogue unfilling results from colonization time lag, the invasion process may not have been completed and European invasive populations not in equilibrium could spread to the available suitable niche space there in the future. This is worrying given the great extension with these conditions in the European territory. Therefore, the analysis including both native and invasive distributions avoided the underestimation of the invasive potential of the species, which also corroborates our hypothesis H1.



4.2. Can the microfine-scale niche overlap study between an IAS and a native species be particularly interesting for conservation purposes?

Our micro niche study demonstrates that Paraserianthes lophantha has a great potential to continue expanding its geographical range in Monte Pindo if the necessary control measures are not implemented. As shown by its high niche breath, P. lophantha has been able to occupy a considerable amount of the environments in Monte Pindo despite its recent introduction. This demonstrates that it is a successful invader that could threaten the territory, and its local management must be of concern for conservation. The ability of P. lophantha to occupy a broader range of environmental conditions than Q. lusitanica may be explained by its higher ecological flexibility.

Furthermore, we found that P. lophantha shares an important portion of its niche with vulnerable native Q. lusitanica, although niche overlap was found to be low (O = 0.3). Therefore, P. lophantha local management must be of concern for conservation of Quercus lusitanica in Monte Pindo, since its contact could increase if no control is done on the invasive. First, results showed that the invasive species is already established in most of the environments that occupy the population of Q. lusitanica despite having an overall non-overlapping distribution with the native. This question is relevant, in line with those of previous species distribution modeling studies (Santamarina et al., 2019), demonstrates that although there is no complete geographic overlap between the species today, this is likely to occur in the future. Second, the ecological niche overlap between the species occurs in sites where the density of species occurrences of both species is higher. This is worrying since it means that the majority of P. lophantha individuals are adapted to the conditions of the population nucleus of Q. lusitanica. Taken together, our results point that P. lophantha may be a threat to a substantial portion of the population the singular population of Quercus lusitanica in Monte Pindo. Although it has been suggested that P. lophantha could exert an important competitive pressure on the vulnerable native Q. lusitanica through a high propagule pressure (Santamarina et al., 2022) and has potential for invasive advantageous behavior (Martín Osório et al., 2008; Fagúndez, 2019), further work is required to establish the incoming competitive interactions among species.

Since results from the fine-scale study of niche overlap are shown in a graphical way that is easy to understand, can be used to raise public and administration concern of the urgency of the implementation of conservation programs. Therefore, our findings are in agreement with our hypothesis H2, fine-scale niche studies can be used to promote the implementation of proactive conservation actions at a local scale.



4.3. Future directions

The use of species distribution models (Guisan and Zimmermann, 2000; Barbara et al., 2010; Anderson et al., 2011; Mateo et al., 2011; Guisan et al., 2017) may become crucial to predict Paraserianthes lophantha potential geographical distribution and overlap with Quercus lusitanica in a spatially specific way. The niche shifts detected by the study of niche dynamics between the Australian ranges demonstrate that the species is labile and may potentially acclimatize to further European conditions. Therefore, models developed based only on the native range of the species could underestimate the expansion potential of the species (Václavík and Meentemeyer, 2012) and both occurrence data from native and invasive ranges are needed, as suggested previously in other invasion contexts (Broennimann and Guisan, 2008; Ahmad et al., 2019; Pili et al., 2020). The unfilling suitable space in analogue conditions and the high stability observed in the comparative analysis between the native range and the full Australian range (AF-EI) supports that calibrating models including Australian invasive information is promising to accurate predict P. lophantha European potential distribution.

Furthermore, climatic unfillings detected in the European range under non-analogue conditions also reveal climatic areas that can turn to stability under future climate changing conditions. The low unfillings observed in the European range both in the comparative analysis using the native range (U = 0, AN-EI) and the full Australian range (U = 0.1, AF-EI) is due to most unfillings occurring under climate conditions non-analogue to the European invasive range. This may suggest that P. lophantha will never be capable of expanding its current distribution to those conditions in Europe. However, under a scenario of global change, P. lophantha may spread its range to those environments if the conditions in Europe become closer to those of the Australian range currently non-analogue. Detailed predictions of P. lophantha’s future distribution under novel climate will be necessary to answer that question and effectively act against the future spread of the invasive.




5. Conclusion and recommendations

Exploring IAS niche dynamics across different scales and resolutions is highly recommended to provide a better perspective on the management of IAS. From our results, we recommend performing multi-site niche comparisons. Specifically, it is recommended to assess similarities and dissimilarities between the climate space occupied by the IAS among multiple ranges and consider the combination of data from the native and invaded ranges in niche dynamic analysis. This approach may be greatly useful in cases where the IAS has colonized two new territories with similar climates but different to the native. Furthermore, multi-site comparison should be used in the selection of ranges where ecological niche models must be calibrated to ensure robustness in the predictions (Guisan et al., 2014; Mateo et al., 2015; Qiao et al., 2017; Chefaoui and Varela-Álvarez, 2018). With this multi-site comparison approach, we demonstrated the utility of studying also the Paraserianthes lophantha’s Australian invasive niche dynamics to avoid the underestimation of its European invasion potential. Altogether, our result suggest that the IAS may potentially adapt and spread to new Australian and European conditions. Furthermore, global climate change and human activity may facilitate the invasion processes and increase its invasion potential in the future. Further work is required to establish the geographical extension of those territories by using species distribution models. However, its inclusion in catalogues of IAS in the areas where it shows an invasive behavior, should be considered.

Increasing the use of fine-scale niche overlap studies between IAS and local endangered species could represent an important tool for the future implementation of local conservation initiatives as a complement to large-scale management strategies. We recommend the use of fine-scale studies to demonstrate in a graphically and simply way the invasive potential of IAS in local areas and the degree of overlap between co-occurring invasive and native species to raising public awareness of the urgency to implement conservation programs. These kinds of local initiatives can have a very important global impact. Our study of overlap between invasive Paraserianthes lophantha and the iconic native Quercus lusitanica can be used as a model example of how fine-scale niche studies can be used to promote the implementation of proactive conservation actions at a local scale in complement to large-scale management strategies (e.g., at European scale).
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