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17 Abstract

18

19  Climatic similarities between native and invaded areas are fundamental conditions for the
20  establishment and dissemination of invasive non-native species. Preventive measures to
21  indicate potential areas for biological invasions are crucial for managing invasion risks.
22 This measure assumes that species maintain their environmental conditions conserved
23 between native and invaded areas. However, some species can quickly change their
24  realized niche when exposed to previously unexperienced environmental conditions.
25  Here, we distinguish between these types of changes in the climatic niche of the Nicotiana
26 glauca, a global non-native species, employing multivariate analyses to compare niche
27  overlap between the native (Argentina and Bolivia) and invaded areas (North America,
28  Mediterranean, Northeast South America, Southern Africa and Australia). We found
29  evidence that the realized niche occupied by N. glauca in its native area does not overlap
30  with the invaded area in the Caatinga (Northeast Brazil) and the Mediterranean regions.
31  The niche in these invaded areas exhibits both warmer climates with lower daily and
32 annual temperature amplitude (Caatinga) and colder, drier climates (Mediterranean).
33  Relevant portions of the realized niche in the invaded areas of N. glauca in the
34  Mediterranean and the Caatinga regions expanded compared to the climatic space of the
35 native area, suggesting the species enlarged its realized niche in these invaded locations.
36 Therefore, N. glauca has the ability to inhabit niches across a diverse climatic range that
37  cannot be solely predicted based on the native distribution, owing to the evolution of
38 niche. Thus, due to its broad climatic plasticity, populations of N. glauca worldwide
39  should be regarded as a potential threat to biodiversity conservation by scientists and
40 government environmental agencies. Finally, we suggest that when using predictive
41  methods to identify potential areas for invasive non-native species, both invaded and
42  native climatic spaces should be carefully considered.

43
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49  Introduction

50 Biological invasions have been increasing at accelerated rates worldwide
51  (Perrings et al., 2005), causing negative ecological, economic, and social impacts at
52  various scales (Adelino et al. 2021, Heringer et al. 2021, Bacher et al. 2023). The causes
53  of biological invasions are attributed to multiple factors, ranging from the easing of
54  geographic barrier transposition due to the continuous increase in globalization to the
55  characteristics of recipient ecosystems and species traits (PySek and Richardson 2010,
56  Jiménez-Valverde et al. 2011). Biological invasions tend to be successful where recipient
57  ecosystems present the appropriate biological and abiotic combination of factors for the
58  non-native organism to survive and reproduce, albeit these appropriate factors emerge
59  through human manipulation of ecosystems. By identifying existing biotic and abiotic
60  factors in a species current range, it could be possible to identify other areas suitable for
61  the species to thrive. The identification of potential areas where invasive species may
62  establish and spread can aid monitoring, early detection and rapid response measures to
63  prevent the arrival and establishment of invasive non-native species (Leung et al. 2002,
64  PySek and Richardson 2010, Moura-Junior et al. 2021). The universality of ecological
65  niche modeling to identify potential areas of invasion, however, implies that species are
66  prone to grow and survive under the same environmental conditions in both native and
67  introduced ranges, known as the niche conservatism hypothesis (Wiens and Graham
68 2005, Pearman et al. 2008). This assumption neglects the adaptations to environmental
69  conditions not perceived in the native range and the ability of the fundamental niche to
70  evolve rapidly (Broennimann et al. 2007, Gallagher et al. 2010) limiting the success of
71 identifying potential areas for invasion.

72 Given the multiple dimensions of the niche (Hutchinson 1957) that can influence
73 species divergence, niche conservatism has been assessed through climatic similarity
74  between the native and invaded regions of invasive non-native species (Broennimann et
75 al. 2007, Pearson et al. 2007). This is because there is an assumption that climatic
76  similarity is a prerequisite for the establishment of non-native species (Jiménez-Valverde
77  etal. 2011, Sales et al. 2017), in addition to the easy availability of large-scale climatic
78 data (Hijmans et al. 2005). This assumption is based on evidence that fundamental niches
79  do not change over short periods of time (Peterson 2011). However, the generality of this
80  assumption has been challenged by a growing number of studies showing the evolution
81  of the invaded climatic niche (Broennimann et al. 2007, Gallagher et al. 2010, Tingley et

82 al. 2014). The development of methodological approaches allowing for the comparison
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83  of niche overlaps (Broennimann et al. 2007) and the quantification of their occupancy
84  rates (Petitpierre et al. 2012) has supported evidence of ecological niche evolution versus
85  niche conservatism in invaded areas (Tingley et al. 2014, Sales et al. 2017). Climatic
86  niche evolution is detected when the invaded area exhibits a climatic space not previously
87  occupied in the native area (Broennimann et al. 2007, Pearman et al. 2008). This situation
88 is attributed to different ecological and evolutionary processes that enable a species to
89  expand its distribution into new climatic areas (Sexton et al. 2009, Oliveira et al. 2018).
90  Strong environmental gradients in the native area, for example, can influence individuals
91 to exhibit broad phenotypic plasticity for a specific trait (Nattero et al. 2011), reflecting a
92  greater ability to adjust to previously unexperienced conditions (Hahn et al. 2012).
93 The species Nicotiana glauca Graham is a model species to explore the potential
94  of ecological niche evolution in comparison to niche conservatism. The species is native
95 to open vegetation habitats in Northern Argentina and Southern Bolivia (Goodspeed
96 1954, Nattero et al. 2011) but is known to occur in arid and semi-arid environments in
97  different regions around the world, including Northeast South America, Southern North
98  America, Southern Africa, Southeast Australia, and the Mediterranean region of Europe
99 (Sanz-Elorza et al. 2010). There is genetic evidence that N. glauca initially invaded areas
100 further south of its native distribution, forming source populations from which the species
101  subsequently invaded areas in different territories worldwide (Issaly et al. 2023). Most of
102 the habitats invaded by N. glauca exhibit discrete changes in environmental preferences
103  toward drier, colder, and less seasonal climates compared to the climates recorded in the
104  native range (Issaly et al. 2023), suggesting niche conservatism. However, the invaded
105  area in Northeast South America, especially in the phytogeographic domain of Caatinga
106  shows no climatic niche overlap with the other invaded areas worldwide (Issaly et al.
107 2023).
108 Another intriguing aspect of N. glauca invasion in the Caatinga concerns the
109  mechanisms that may explain the lack of climatic niche overlap with the native range.
110  The evolutionary history and the effects of past climatic fluctuations on South American
111 vegetation can help better understand why N. glauca occupies climatic spaces in the
112 Caatinga that were not previously occupied in its native range. Evolutionarily, the
113 Nicotiana genus has intimate connections with the uplifting movements of the Andes,
114  leading to the differentiation of the Tabacum subgenus to the east and Rustica to the west
115  of the slopes (Goodspeed 1954). Nicotiana glauca (circumscribed in Rustica) underwent

116  early migration during the speciation process, from which subsequent transitional
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117  individuals were eliminated, losing genetic contact with subgenus species and remaining
118  restricted to the east of the slopes due to the elevation of the Andes (Goodspeed 1954).
119  However, there is also compelling evidence that even with the lack of overlap in the
120  climatic space of the invaded area by N. glauca in the Caatinga, the successful
121  establishment in the region may be also related to anthropogenic disturbances (Issaly et
122 al. 2023). Nicotiana glauca exhibits opportunistic behavior for rapid colonization in
123 disturbed areas (Fabricante and Siqueira-Filho 2012), especially those with suppression
124  of native vegetation linked to the installation of infrastructures, which has served as
125  dispersal corridors for the species over long distances (Asth et al. 2021).

126 Considering the potential for mass extinction of native plant species in the
127  Caatinga due to climate change projections until 2100 (Moura et al. 2023), biodiversity
128  conservation plans for this phytogeographic domain will benefit from understanding the
129  potential niche evolution of invasive non-native species. In this context, here we proposed
130  the following objectives: (i) to compare the climatic niche of N. glauca between its native
131 range (Northern Argentina and Southern Bolivia) and each invaded region around the
132 world (Caatinga, Mediterranean, North America, Southern Africa, Southeast Australia),
133 assessing whether niche conservatism or niche evolution drove the species distribution in
134  invaded areas, and (ii) to describe the most important dimensions of the climatic niche
135  for the distribution of N. glauca in regions with niche evolution. We hypothesized that (i)
136  there is climatic niche conservatism in areas invaded by N. glauca in the North America,
137  Southern Africa, Southeast Oceania, and the Mediterranean region, whereas there is
138  climatic niche evolution in the Caatinga; (ii) the evolution of the climatic niche in the
139  Caatinga occurred towards warmer and more humid climates compared to those recorded
140 in the native area.

141

142 Methodology

143  Studied Species

144 Nicotiana glauca (Solanaceae) is a perennial shrub, native and widely distributed
145  across extensive geographical and ecological areas in Northern Argentina and Southern
146  Bolivia (Goodspeed 1954, Nattero et al. 2011), corresponding to open vegetation areas of
147  the Phytogeographic Domain of Chaco and of Seasonally Dry Tropical Forests in the
148  Piemonte and Misiones regions.

149 Populations occur along riverbanks, roadsides, and mainly in disturbed areas with

150 individuals distributed in isolated patches (Nattero et al. 2011). The individuals are self-
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151  compatible, and in the native range, the only recorded pollinators are hummingbirds, with
152 visitation significantly increasing seed and fruit production (Nattero and Cocucci 2007,
153  Nattero et al. 2010). The flowering period extends from September to April (Nattero et
154  al. 2011). The capsule-type fruits have vertical fissures, through which tiny seeds are
155  easily dispersed when branches are shaken (Sanz-Elorza et al. 2004). Currently,
156  occurrence records in arid and semi-arid zones worldwide (Sanz-Elorza et al. 2010) have
157  demonstrated the invasive potential of the species. Examples include areas in Australia
158  (Florentine et al. 2006), Croatia (Bogdanovic et al. 2006), Spain (Sanz-Elorza et al. 2004),
159  and Namibia (Shapaka et al. 2008). In Brazil, N. glauca has been recorded in all regions,
160  except the North region (CRIA 2023). However, in the Northeast region of Brazil,
161  specifically in the areas of the Integration Project of the Sdo Francisco River, it forms
162  extensive monodominant, dense thickets (Fabricante and Siqueira-Filho 2012) with
163 numerous invasive populations (Asth et al. 2021).

164 Nicotiana glauca possesses a set of intrinsic attributes that make it undesirable
165 and a priority for eradication and/or containment. Among them, the presence of
166  allelopathic compounds capable of inhibiting the germination of seedlings of native
167  species (Fabricante et al. 2015); toxicity of leaves and stems when consumed by animals
168  and humans (Panter et al. 2000, Steenkamp et al. 2002, Botha et al. 2011), high seed
169  production (a single individual can produce about 1.3 million seeds, with a germination
170  rate of up to 95%) (Fabricante et al. 2015), and high transpiration rates, which alter the
171 availability of water resources in the species' occupied sites (Brandes 2000).

172

173 Occurrence Data

174 We compiled occurrence records of N. glauca based on herbarium records
175 available at five online databases: (i) Global Biodiversity Information Facility (GBIF;
176  www.gbif.org); (ii) Tropicos (www.tropicos.org); (iii) Reflora (www.reflora.jbrj.gov.br);
177  (iv) Brazilian National Database on Invasive Species (www.institutohorus.org.br) and;
178 (V) speciesLink (spLink; www.splink.cria.org.br). For GBIF and SpeciesLink databases,
179  we filtered available records based on preserved specimens only. In addition, we
180 complemented our database by incorporating occurrence records through exhaustive
181 literature searches in databases such as the Invasive Species Specialist Group (ISSG;
182  Www.issg.org), CABI (www.cabi.org), and Google Scholar
183  (www.scholar.google.com.br), using the keyword "Nicotiana glauca,” without text type

184  specificity and publication year.
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185 We restricted the spatial coverage of the N. glauca dataset to the native
186  distribution range in northwestern Argentina and southern Bolivia, and areas that the
187  species has become invasive in the Northeast of Brazil, in North America, Hawaii, the
188  north and east Mediterranean region of Europe, North Africa, Southern Africa, and
189  Australia (Fig. 1), recorded a total of 2,739 occurrences. For the invaded range in the
190  Caatinga, we also used field-collected records from the monitoring of invasive non-native
191  plants in the Integration Project of the S&o Francisco River (PISF), performed by
192  researchers from the Nucleo de Ecologia e Monitoramento Ambiental (NEMA) at the
193  Universidade Federal do Vale do S&o Francisco (UNIVASF) and previously described in
194  Asthetal. (2021).

195 Records that were duplicated or had georeferencing errors (records distant less
196 than 1 km from municipality, state or country centroids, or located overwater) were
197  excluded. To reduce the potential effect of sampling bias and spatial autocorrelation in
198  the occurrence dataset, we randomly filtered a single occurrence record for all records
199  within a radius of ~10 km (Kramer-Schadt et al., 2013) resulting in 1,205 occurrences.
200 The final dataset includes 89 occurrence records for the native range (Argentina and
201  Bolivia), 164 for the Northeast of Brazil (Caatinga), 560 for North America, 75 for the
202  Mediterranean, 89 for Southern Africa, and 228 for Australia. The complete list of N.
203  glauca occurrence records in invaded and native areas is provided in Table S1.

204

205  Climatic Data

206 We used climate variables derived from historical mean conditions records,
207  downloaded from the Worldclim database (Fick and Hijmans 2017) with a spatial
208  resolution of five minutes (~9 km). This dataset includes a total of 19 climate variables,
209  summarizing information on seasonality and extreme climatic patterns in temperature and
210  precipitation. For a complete list of climatic layers, refer to Table S2.

211

212 Niche Analysis

213 To assess the climatic niche overlap between the native range of N. glauca and
214  each invaded area worldwide (Caatinga, Mediterranean, North America, Southern Africa,
215 and Southeast Australia), we implemented the Environmental Principal Component
216 Analysis (PCA-env) approach proposed by Broennimann et al. (2012) using the ecospat

217  package (cran.r-project.org/web/packages/ecospat/) in R version 4.4.0 (R Core Team
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218  2023). This method accurately detects differences between observed niche overlaps
219  compared to randomized niche overlaps (Broennimann et al. 2012).

220 An important step in niche overlap analyses is defining the background area of
221  species occurrences (Silva et al. 2016). For this, we adopted the accessible area of the
222 concept of M area (Soberdn and Peterson 2005). To define the M area for each region,
223 we utilized the Terrestrial Ecoregions (Olson et al. 2001) and identified the ecoregions
224  that encompassed at least one presence record within their geographic range. A total of
225  six M areas were considered in this analysis (Fig. 2b), one for the native range, and five

226  invaded areas (Fig. 1), from which we extracted climatic information.

227
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228 Fig. 1 Geographical distribution of Nicotiana glauca in the native and invaded
229  range worldwide.
230
231 For comparisons between native and invaded areas, PCA-env was calibrated with

232 the combination of climatic information extracted from the background of the species at
233 each region. The first two (independent) axes of PCA-env were used to summarize the
234  climatic space for comparing the native niche and each invaded niche (see Table S2).
235  Subsequently, climatic spaces were divided into a grid of 100 x 100 cells, as in
236 Broennimann et al. (2012). Next, a smoothed kernel density function was applied to
237  convert N. glauca occurrence records and climatic data for each interval (native and
238 invaded) into density layers to correct for sampling bias and environmental availability.
239  This ensured that the results were also independent of grid resolution (Broennimann et al.
240 2012).

241 Niche overlap between the native and each invaded area was measured based on

242  the values obtained from Schoener's D comparative metric (Warren et al. 2008), ranging
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243 from 0 to 1, representing completely different or fully overlapped niches, respectively.
244  According to Strubbe et al. (2015), Schoener's D is considered one of the most suitable
245  metrics for calculating niche measures based on occurrence records and spatial
246  environmental data. To determine if the climatic range of areas invaded by N. glauca
247  changed compared to its native niche, we used two hypothesis-testing methods that
248 involved randomizing occurrence density layers: niche equivalency test and niche
249  similarity test (Warren et al. 2008). In both tests, the observed niche overlap is compared
250  to random measures of niche overlap, but different null hypotheses are tested.

251 The niche equivalency test evaluates the hypothesis that the niche of a species
252 between two geographic areas is equivalent, meaning that the observed invasion pattern
253  would be the same as simulated invasion patterns by randomly reallocating occurrence
254  densities of the species in the native and each invaded area (Warren et al. 2008). If the
255  observed overlap value (Schoener's D) is within the 95% density of simulated values, the
256 null hypothesis of niche equivalency cannot be rejected (Broennimann et al. 2012). In
257  contrast, the similarity test analyzes the hypothesis that the niche occupied in one area is
258  more similar to that occupied in another area than expected by chance (Warren et al.
259  2008). In other words, the test checks if the observed invasion pattern is different from a
260 random invasion. For this test, the occurrence density in only one of the areas is randomly
261  shifted, creating null distribution values of overlap, while in the other area, the original
262 occurrence density is retained (1 — 2) and vice versa (2 — 1) (Broennimann et al. 2012).
263  Ifthe observed overlap value is greater than 95% of simulated values, the species occupies
264  niches in both areas that are more similar to each other than expected by chance. In both
265  tests, distributions of simulated values were produced through 1000 randomizations to
266  ensure that the null hypothesis could be rejected or accepted with high confidence
267  (Broennimann et al. 2012).

268 Equivalency and similarity niche tests verify whether niche conservatism or
269  evolution occurred, without addressing their causal mechanisms (Sales et al. 2017). To
270  explore niche variations between intervals in the native and each invaded areas, we used
271  the approach proposed by Petitpierre et al. (2012) and Guisan et al. (2014) to calculate
272 three different metrics: stability, unfilling, and expansion. (i) Stability is defined as the
273 proportion of densities in the invaded area that overlap with the occupied native area; (ii)
274 unfilling is the proportion of densities in the native area that does not overlap with the
275 invaded area, i.e., the native niche zone not shared with the invaded niche; (iii) and

276  expansion is the proportion of densities in the invaded area that does not overlap with the
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277  native area. Both metrics range from 0 to 1. To obtain Schoener's D metric values, test
278  hypotheses of climatic niche change, and explore stability and expansion of the invaded
279  niche by N. glauca or the unfilling of the native niche of this species, we used the ecospat
280  package (cran.r-project.org/web/packages/ecospat/, (Broennimann et al. 2012) version
281  4.4.0inR (R Core Team 2023).

282 We applied the Wilcoxon test to assess whether there were differences in the
283  ordering of data for each bioclimatic variable (selected by PCA-env), comparing the
284  native area to each area invaded by N. glauca. These tests were calibrated with the
285  bioclimatic variable data extracted from background pixels in the native and each invaded
286  area that had N. glauca records. The Wilcoxon tests were performed using the stats
287  package version 4.4.0 in R (R Core Team 2023).

288
289  Results
290 Pairwise comparisons using the Schoener’s D metric showed the Mediterranean

291  and Caatinga have the least climatic overlap with the native range of N. glauca (Table 1).
292  The equivalency test revealed that the low overlap between the native and the invaded
293  climatic niche by N. glauca in the Caatinga and the Mediterranean is significantly
294  different from chance (Table 1). Similarity tests revealed that only the climatic range of
295 the native and invaded areas of N. glauca in North America are similar. (Table 1). Invaded
296  regions in Southern Africa, Southeast Australia and Southern North America showed high
297  values of niche stability (Table 1). A representative part of the climatic space in the native
298 area of N. glauca is not shared with the invaded area in the Mediterranean (Fig. 2), and
299  the climatic space in this invaded area showed the greater expansion (Table 1). A
300 substantial portion of the climatic space in the native area of N. glauca is also not shared
301  with the invaded area in the Caatinga (Fig. 2). This invaded area by N. glauca exhibits a
302 low overlap and a broad expansion of its climatic space compared to that observed in the
303  native area (Table 1).

304

305

306

307

308

309
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Table 1 Pairwise comparisons of niche overlap (D), niche equivalency, niche similarity,
niche stability, niche unfilling (i.e., lack of filling the available climatic space), and niche
expansion between each one of the invaded ranges of Nicotiana glauca when compared
to its native range. Legends: Caatinga (CAA); North America (NAM); Mediterranean
(MED); South of Africa (AFR); Australia (AUS); IRs: Invaded Ranges.

IRs  Overlap Equivalency Similarity Niche Niche Niche
(D) test test stability  unfilling  expansion
Native — Native —
IRs IRs
p values p values
CAA 0.063 <0.01 0.347 0.441 0.683 0.559
NAM 0.403 1 0.009 0.840 0.025 0.160
MED 0.043 <0.01 0.356 0.129 0.847 0.871
AFR 0.290 0.297 0.267 0.847 0.426 0.153
AUS 0.296 0.921 0.208 0.737 0.304 0.263
310
(A) Native vs Caatinga (B) Native vs Mediterranean
Equivalency test Similarity test Equivalency test Similarity test
5 ] ‘] T* 33
T | . -] e i i o

PC1 PC1

311  Fig. 2 Niche overlap between native and invaded areas of Nicotiana glauca in the
312  Caatinga (A) and the Mediterranean (B). Solid and dashed lines correspond to 100% and
313 50%, respectively, of the available climatic conditions (background) for each area of N.
314 glauca. Legend: Niche expansion (red), niche stability (blue), and unfilled niches (green).
315  Histograms of the equivalence and similarity tests. The histogram represents the random
316  displacement of the occurrence density of the native area, while the occurrence density
317  of the invaded area is maintained original. Observed niche overlaps between the native
318 and invaded areas are represented by the red diamond bars, and the simulated niche
319 overlaps are represented by the gray bars. In both tests, the simulated overlap was
320 calculated from 100 randomization.



— ARPHAPreprints Author-formatted, not peer-reviewed document posted on 04/10/2024 DOI: https://doi.org/10.3897/arphapreprints.e138525

321 The correlation circles of the PCA-env computed with bioclimatic data from the
322 native and invaded areas of N. glauca in the Caatinga (PCA-env1) or native and invaded
323 areas in the Mediterranean (PCA-env2) revealed that the first two axes of each analysis
324  explained, respectively, 70.6% and 63.6% of the climatic space in the native and invaded
325 areas (Fig. 3). The variation explained by the first axis of PCA-env1 (49.4%) is primarily
326  related to the requirements of the minimum temperature of the coldest month (bio6), the
327  mean temperature of the coldest quarter (bioll), and mean temperature of the driest
328 quarter (bio9). In the second axis of PCA-envl, the variation in the native-invasive
329 climatic space (21.2%) was better explained by isothermality (bio3), the precipitation of
330 the warmest quarter (bio18), temperature seasonality (bio4) and precipitation seasonality
331 (biol5). The variation explained by the first axis of PCA-env2 (37.6%) is mainly related
332 to the requirements of isothermality (bio3), precipitation of the warmest quarter (bio18),
333  and annual mean temperature (biol). In the second axis of PCA-env2, the variation in the
334  native-invasive climatic space (26%) was better explained by the temperature annual
335 range (bio7), the annual precipitation (bio12), and temperature seasonality (bio4). The

336  contributions of each variable to the two axes of the PCA-env are presented in Table S2.

(A) Variables - PCA (B) Variables - PCA
1.0- 1.0-

Bio3 Bio15

05-

00— =======mmmmmmmm o

Dim2 (21.2%)
Dim2 (26%)

io4
-05-

Ll

1

1
Bio4 Bid/18

1

1.0%
' ' | ' ' ' ' | ' '
-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
Dim1 (49.4%) Dim1 (37.6%)

337  Fig. 3 Correlation circle of the first two axes of the Principal Component Analysis - PCA.
338  (A) Native vs Caatinga; (B) Native vs Mediterranean.
339

340 Comparisons between the distribution of variables identified as potentially
341  biologically relevant (with the greatest contribution in PCA-env) and their distribution

342  associated with N. glauca occurrences revealed differences between the native and
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343  invaded areas (Table 2). The shift in the climatic niche of N. glauca in the Caatinga,
344  concerning the native area, occurs towards a warmer climate, less rainfall in the coldest
345  months, and lower daily or seasonal temperature differences (Table 2). Alternatively, the
346  shift in the climatic niche of N. glauca in the Mediterranean, concerning the native area,
347  occurs towards a drier in the mainly coldest months, with colder climate and higher daily
348 and seasonal temperature differences (Table 2). The direction and distance of changes in
349  the ten main environmental conditions that make up the climatic niche of N. glauca can
350 be observed in more detail in Figure S1.

351

352  Discussion

353 Our study represents a worldwide analysis of niche dynamics of a highly
354  successful invasive terrestrial plant. Our results provide evidence that N. glauca has
355  expanded its realized niche in the Caatinga and the Mediterranean regions. The invaded
356 area by N. glauca in the Caatinga presents a warmer and drier climate, with lower daily
357 and annual temperature variations, compared to the one recorded in the species native
358 range. In the Mediterranean, N. glauca occupies colder and drier areas with higher daily
359  and seasonal temperature variations, compared to those observed in the native area of the
360  species. The bioclimatic factors described above are associated with basic plant energy
361 and physiological needs, such as development, growth, reproduction, and survival
362  (Wright 1983, Hawkins et al. 2003). Our results support inferences from previous studies
363  on the relationship between climatic niche breadth and niche position. There is a strong
364  negative relationship between temperature niche breadth and mean annual temperature,
365 as found globally for amphibians (Bonetti and Wiens 2014), lizards (Lin and Wiens
366 2017), and plants (Liu et al. 2020). This pattern has an intuitive explanation: at higher
367 latitudes, temperature seasonality increases, thus species with a broad geographic
368  distribution in these latitudes have larger temperature niche breadths (Vazquez and
369  Stevens 2004, Cuesta et al. 2020).

370 The Nicotiana genus is closely related to the uplift movements of the Andes,
371 which led to the separation of the Tabacum subgenus to the east and the Rustica subgenus
372 to the west of this mountain range (Goodspeed 1954). The current distribution of most
373 members of the Rustica subgenus is consistent with their evolutionary origins. However,
374  N. glauca (Rustica subgenus) exhibits a distinct distribution from most species of the
375  Rustica subgenus (Goodspeed 1954). Nicotiana glauca underwent early migration during

376  the speciation process, in which its individuals lost genetic contact with the other species
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377  of the Rustica subgenus, remaining restricted to the east of the slopes due to the elevation
378  of the Andes (Goodspeed 1954). The end of the Andean uplift in the early Pleistocene
379  (about 2.6 million years ago) and the complete isolation of N. glauca in areas to the east,
380  which currently corresponds to areas of the South American open vegetation diagonal,
381  was considered the most significant period for the genus' speciation (Goodspeed 1954).
382  During this period, cycles of expansion and retraction of the South American open
383  vegetation diagonal occurred due to climate fluctuations, reaching a supposed maximum
384  extentin the last glacial maximum (Pleistocene Arch Hypothesis; Prado and Gibbs 1993).
385  The isolation of N. glauca in regions east of the Andes throughout the Pleistocene
386  suggests that its fundamental niche has undergone several temporal and spatial dynamics,
387  facing environmental conditions, sometimes warm and humid, sometimes cold and dry.
388  This dynamic allowed the fundamental niche of N. glauca to be larger than the
389  environmental space of its native range (Jackson and Overpeck 2000). In this context, it
390 is possible to affirm that N. glauca would withstand different climatic conditions and
391  would only be unable to access them due to their non-existence in the geographical space
392 at a certain period or due to the existence of dispersal restrictions. Considering the
393  climatic fluctuations that occurred in the Andes over geological time, different portions
394  of N. glauca's fundamental niche became non-existent at different times or came to exist
395 elsewhere on the planet (Goodspeed 1954).

396 Genetic data obtained from different N. glauca populations suggested the niche
397  conservatism hypothesis of the species in invaded areas around the world (Issaly et al.
398  2023). This data revealed that a N. glauca source population (in the historic primary
399 invaded area) show climatic niche overlap with all the invaded areas around the world
400 (except in the Caatinga) and are genetically similar to the source population, which
401  occupies a territory south of its native area (Issaly et al. 2023). This means that the
402  dispersal barriers imposed on N. glauca outside its native range were transposed with the
403  introduction of the species into different territories around the world, which have climates
404  supported by the species' fundamental niche. Nonetheless, we found the realized niche of
405 N.glauca in the native area has expanded to both directions, colder with high temperature
406  seasonality (Mediterranean) and warmer with low temperature seasonality (Northeast of
407  South America).

408 The invaded areas in the Caatinga and Mediterranean showed over 56% and 87%
409 of niche expansion compared to the native distribution of N. glauca (Table 1),

410  respectively, suggesting that the species underwent niche evolution in these ecosystems.
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411 We argue that the factors related to anthropogenic disturbances and intrinsic
412  characteristics of the species enabled it to successfully invade several parts of the world,
413 whichallowed it to expand its realized niche. In the other invaded areas, Nicotiana glauca
414  has opportunistic behavior (Florentine and Westbrooke 2005), a longer flowering and
415  fruiting period compared to the native range (Sanz-Elorza et al. 2004), and is present in
416  highly anthropized environments (Bogdanovic et al. 2006). Fabricante et al. (2015) found
417  abundance and density values of N. glauca in the Caatinga much higher than in other
418  invaded regions around the world (e.g., Florentine and Westbrooke 2005, Bogdanovic et
419 al. 2006). Recent studies indicated that the suppression of native vegetation in Caatinga
420 areas, resulting from chronic anthropic activities, facilitates the colonization and
421  dispersion of N. glauca (Asth et al. 2021, Issaly et al. 2023). In areas influenced by a
422  linear interbasin water transposition project (PISF), for example, N. glauca populations
423  dispersed through an extensive bioclimatic gradient, where habitats along the
424  transposition canals were intensely transformed, promoting the species' colonization
425  (Asth et al. 2021). In the Mediterranean, recent studies have related the success of the
426  species with its capacity to alter the soil microbiome (Caravaca et al. 2020, Rodriguez-
427  Caballero et al. 2020, Caravaca et al. 2024) favoring its establishment. Thus, specific
428  ecological characteristics of N. glauca may have emerged in these places, which would
429  act as proxies for an adaptive mode of the species, driven by niche evolution and
430  potentiated by dispersal corridors created by infrastructure projects, reducing the biotic
431  resistance of the environment.

432 Our findings reveal practical and conservation implications for the species.
433 Currently, there is an expectation that global climate change will favor an increase in the
434  number, distribution, and impact of non-native species (Vila et al. 2007, Walther et al.
435  2009). For N. glauca, the global temperature increase may positively contribute to its
436  ability to invade new areas. For the Caatinga, for instance, this is concerning since local
437  projections indicate severe impacts on vegetation with habitat reduction due to rising
438  temperatures and changes in land use (Moura et al. 2023). However, the high climatic
439  breadth supported by N. glauca, both towards warmer and colder and drier environments,
440 enables the species to invade a wide variety of locations worldwide. Combined with its
441  ability to establish in degraded areas (e.g., Asth et al. 2021) and its opportunistic behavior
442  (Florentine and Westbrooke 2005), the species should be treated as a potential global
443  threat to biodiversity.
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444 In conclusion, our results revealed a climatic niche evolution during the invasion
445  of N. glauca in Mediterranean and Caatinga regions. The mismatches between native and
446  invaded climatic spaces were attributed exclusively to the expansion of the invaded
447  climatic space and not necessarily to the unoccupied niche of the native area. These
448  potential for niche evolution of N. glauca make the management challenging. The use of
449  modeling tools is important in the management of biological invasions for preventing
450  future introductions and developing effective eradication and containment strategies
451  (Sankaran et al. 2023). A preventive and widely used alternative for this scenario in
452  conservation approaches is the use of ecological niche models (e.g., Broennimann et al.
453 2007, Sales et al. 2017). However, the implications of niche change for modeling should
454  be considered (Broennimann et al. 2007). Our results have important implications for the
455  application of preventive measures for identifying potential areas based on the niche
456  (Peterson and Vieglais 2001). Nicotiana glauca can occupy climatic niches that are not
457  predictable solely from the native distribution. Thus, we suggest that when using
458  predictive methods to identify potential areas for invasive non-native species, both
459  invaded and native climatic spaces should be considered. However, Webber et al. (2011)
460  found that incorporating both native and invaded distribution data for predicting potential
461  distribution can introduce model confusion and does not necessarily improve model
462  accuracy. Therefore, when working with native and invaded distribution records of non-
463  native species, it is essential to carefully interpret both the input data and model results,
464  ensuring a rigorous analysis to avoid erroneous projections.
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Table 2. Comparison of 10 bioclimatic attributes of the records of the Nicotiana glauca in its native range (Argentina and Bolivia, n = 89 records),
and in its non-native range (Caatinga, n = 164 records) and (Mediterranean, n = 75 records). Legend: SD is Standard deviation, and W the result
of the Wilcoxon two-sample test.

Native Caatinga Mediterranean
Variables Variables description Unit
Mean SD Mean SD W p Mean SD W p
Biol Annual mean temperature °C 18.2 4.1 23.8 1.1 13216 <0.001 16.0 1.5 2109 <0.001
Bio3 lsothermality % 591 7.2 703 32 13367 <0001 409 36 46 <0.001
Bio4 Temperature Seasonality - 343.7 1109 157.7  28.3 314  <0.001 582.8 78.6 6060 <0.001
Biog  MInimum temperatre of . 55 54 165 13 14433 <0.001 39 24 2585  0.0487
coldest month
Bio7 ;Zr;‘gpeerat“re Annual °C 233 36 148 13 29 <0001 272 36 4922  <0.001
Bio9 mza:{‘e:emperat“re ofdriest o 142 g 230 14 14215 <0001 222 47 5772  <0.001
Bioll  |iean temperature of °C 137 44 216 12 14146 <0.001 9.4 21 1395  <0.001

coldest quarter
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Biol2 Annual Precipitation mm 6194 253.0 5954 106.9 62345 >0.05 460.2 156.7 18945  <0.001
Biol5 Precipitation Seasonality Ccv 877 150 84.3 185 7000 >0.05 49.2  16.3 352 <0.001
Biol8 Precipitation of coldest

quarter mm 2911 106.4 156.6  53.3 18945 <0.001 574 422 69 <0.001
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719  Supplementary Material

720 Table S1. The complete list of occurrences of Nicotiana glauca Graham in invaded and
721  native areas, using the WWEF ecoregions (Olson et al. 2001) as parameter to define the
722 background.

723

724  Table S2. List of environmental variables from the WordClim2 database used to calculate
725 the principal component analysis (PCA-env). PCA-env was calculated using the
726 combination of climatic information from the native and invaded areas of Nicotiana
727 glauca Graham. Eigenvectors and percentage contribution (%) of environmental
728  variables to data variability from two axes of each PCA-env.

729

730  Figure S1. Occurrence density of Nicotiana glauca in the invaded ranges (A) Caatinga
731 and (B) Mediterranean when compared to its native range plotted against the ten variables
732 that most contributed to the analyses distinguishing between conditions in the invaded
733 and the native range. Legend: The gray areas represent the overlap of the species' native
734  and invaded environmental conditions. The solid contour lines represent the intersection
735  of the available environments in the native range (green) and the invaded range (red). The
736  solid arrows point to the direction of change of the centroid of the occurrence density of
737  the species' native environments to that of the invaded environment. The dashed arrows
738  represent the distance and direction between the positions of the centroids of the
739  occurrence density of the environmental backgrounds in the native and invaded range
740  along the environmental gradients.



