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Understanding why only some species succeed in naturalizing and invading ecosys-
tems has intrigued scientists since Darwin’s time. The pre-adaptation hypothesis posits 
that introduced species closely related to natives, therefore ecologically similar, are 
more likely to establish than others. This aligns with the climate matching hypothesis, 
by which mismatches between species’ ecological requirements and local conditions 
act as barriers to establishment and naturalization. Conflicting evidence leaves the 
respective roles of biogeographic origin and climatic affinity in invasion risk predic-
tion unresolved. Here, we examine how biogeographical origin, climatic matching, 
and phylogenetic relatedness influence the success of introduced plant species that 
are congeneric with native species in the Canary Islands, an oceanic archipelago with 
Mediterranean climatic affinities. We integrated phylogenetic, climatic and occurrence 
data at two levels: 1) interspecific comparisons of phylogenetic distances and climatic 
overlap between introduced species and their closest native counterpart; and 2) intra-
specific analysis of realized climatic niches between native and invaded ranges. Most 
congeneric species originate from the Mediterranean Basin and temperate Europe and, 
to a lesser extent, the Neotropics. Phylogenetic distance did not significantly contrib-
ute to climatic overlap between native and introduced congeneric species, ruling out 
the pre-adaptation hypothesis and questioning the generality of phylogenetic niche 
conservatism in promoting invasion success. Intraspecific analyses showed that over 
one-third of species exhibited an expansion of their realized climatic niche towards 
climatic space not occupied in the native ranges. These results indicate that climatic 
niche expansion, potentially driven by ecological release from natural or anthropo-
genic biotic constraints, or by in situ evolution, may represent an important process in 
biological invasions. Our findings highlight the prevalence of niche expansion among 
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introduced plant species in the Canarian archipelago and suggest a role in facilitating invasion within this archipelagic context, 
with potential implications for risk assessment in increasingly disturbed insular regions worldwide.
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Introduction

Biological invasions are major drivers of global change, pos-
ing significant threats to human health, economies, and bio-
diversity (Cronk and Fuller 2014, Pyšek  et  al. 2020), with 
their most severe consequences being the extinction of native 
species (Bellard  et  al. 2016, Orihuela-Rivero  et  al. 2025). 
Anthropogenic introductions have also accelerated the global 
loss of taxonomic uniqueness, resulting in the biotic homog-
enization of both floras and faunas (Seebens  et  al. 2017, 
Daru  et  al. 2021, Yang  et  al. 2021). This trend of increas-
ing species naturalization and uniqueness loss is projected to 
intensify in the coming decades (van Kleunen  et  al. 2015, 
Hulme 2021), underscoring the urgent need to investigate 
the ecological and evolutionary shifts of introduced species 
within invaded ranges as well as their interactions with native 
biotas.

To better understand the mechanisms driving biologi-
cal invasions, a range of hypotheses and frameworks have 
emerged from empirical studies (Blackburn  et  al. 2011, 
Dai et al. 2020, Gioria et al. 2023). Among these, Charles 
Darwin (1859) addressed the issue of biological invasions 
in his seminal book ‘On the origin of species’. Darwin’s 
‘pre-adaptation hypothesis’ (hereafter DPAH; Duncan and 
Williams 2002) suggests that evolutionary relatedness can 
provide an advantage through shared pre-adaptations to simi-
lar environmental conditions (Thuiller et al. 2010). In prac-
tice, phylogenetically related introduced species may have a 
higher likelihood of establishment due to their evolution-
ary and ecological similarities with native species (Park and 
Potter 2013, Cadotte et al. 2018). Such a premise emphasizes 
the importance of phylogenetic niche conservatism in bio-
logical invasions (Broennimann et al. 2012, Petitpierre et al. 
2012, Guisan  et  al. 2014). Evidence both supporting and 
challenging the DPAH has been derived from a wide range 
of studies, including taxonomic, trait-based, and phyloge-
netic analyses, as well as experimental approaches (Daehler 
2001, Cadotte  et  al. 2009, 2018, Park and Potter 2013, 
2015, Marx et al. 2016). Climate-based approaches, however, 
have received comparatively less attention in the literature 
(Cadotte et al. 2018).

Nested within DPAH, the ‘climate matching hypothesis’ 
(CMH) is one of the most widely recognized frameworks 
for understanding the exchange of introduced species across 
biogeographic regions. The CMH suggests that introduced 
species are more likely to establish in areas where climatic 
conditions resemble those of their native range (Thuiller et al. 
2005, Richardson and Thuiller 2007, Broennimann  et  al. 
2021). Rooted in the concept of environmental filtering, 

CMH suggests that mismatches between a species’ ecologi-
cal requirements and local conditions act as barriers to estab-
lishment and naturalization (Richardson and Pyšek 2012, 
Enders et al. 2020). Accordingly, CMH assumes that intro-
duced species succeed when they encounter environments 
analogous to those they are evolutionarily (pre-)adapted to 
(Guisan et al. 2012); an idea sometimes linked to the notion 
of ‘pre-adaptation’. However, to avoid confusion with DPAH, 
we refrain from using that definition here. Recent concep-
tual and analytical advances in niche theory provide a valu-
able framework to assess whether introduced species remain 
constrained within their native realized climatic niches (i.e. 
the portion of the fundamental niche shaped by competi-
tive interactions and other limiting factors, sensu Hutchinson 
1957, but see also Pearman  et  al. 2008). This perspective 
enables testing of intraspecific niche conservatism and its role 
in structuring biological invasions (Broennimann et al. 2012, 
Early and Sax 2014).

Empirical support for CMH is controversial (Guisan et al. 
2014). Some studies suggest that introduced plant spe-
cies typically thrive in climates that closely resemble those 
of their native ranges, showing limited climatic niche shifts 
(Petitpierre  et  al. 2012, Liu  et  al. 2020). Conversely, sub-
stantial evidence also points to niche shifts, whereby spe-
cies occupy climatic conditions in the invaded range that do 
not overlap with the native realized niche (Hill et al. 2017, 
Atwater et al. 2018). Indeed, a recent review found that ca. 
65% of studies reported evidence of niche shifts during bio-
logical invasion (Bates and Bertelsmeier 2021). The latter, 
however, suggest this apparent prevalence may partly result 
from publication bias, as studies confirming niche conser-
vatism may be underreported. Understanding the interplay 
between CMH and DPAH is crucial, as climate is a major 
driver of floristic patterns globally (van Kleunen et al. 2015, 
Mucina 2019, Enders et al. 2020, Irl et al. 2021, Yang et al. 
2021). This is particularly important for assessing the extent 
to which introduced species can adapt to novel climatic con-
ditions, potentially revealing their capacity for ecological 
niche shifts (Early and Sax 2014).

Oceanic island floras rank among the most vulnerable 
ecological systems to biological invasions (Donlan  et  al. 
2003, Sax and Gaines 2008, Pyšek et al. 2012, Carine and 
Sequeira 2020). Their susceptibility to human-mediated 
naturalization stems not only from their disharmonic spe-
cies pools (König  et  al. 2021), but mostly from the evolu-
tionary outcomes of volcanic origin and long-term isolation 
(Whittaker  et  al. 2023). As a result, insular biotas often 
exhibit key innovations, collectively referred to as insular 
syndromes (Adler and Levins 1994), such as body size shifts 
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(Lomolino  et  al. 2013), altered dispersal ability (Carlquist 
1974, Burns 2019), insular woodiness (Lens et al. 2013), and 
reduced defences against herbivores (Carlquist 1974, Burns 
2019). While these traits are adaptive in pristine island envi-
ronments, they also contribute to making insular communities 
particularly vulnerable to human-mediated disturbance and 
biological invasions (Simberloff 1995, Caujapé-Castells et al. 
2010, Dawson  et  al. 2017, Lenzner  et  al. 2020), although 
their causal mechanisms and ecological consequences remain 
debated (Burns 2019).

In the present study, we focus on the flora of the Canary 
Islands. Using an integrative approach based on climatic 
envelopes (i.e. the climatic component of the ecological niche 
or the ‘realized climatic niche’, Pearson and Dawson 2003), 
we compiled biogeographic, phylogenetic, and occurrence 
data for both native and introduced plant species. We then 
tested the DPAH through interspecific comparisons, and the 
CMH through intraspecific comparisons within a two-step 

framework (Fig. 1). To minimize potential biases associated 
with predominant biogeographic affinities in the introduced 
flora (Morente-López et al. 2023), interspecific analyses were 
restricted to extant genera containing both native and intro-
duced species (Steen  et  al. 2024). Focusing on congeneric 
pairs of native and introduced species, which often share 
functional traits and evolutionary histories (Yin et al. 2021, 
Steen et al. 2024), provides a robust framework for identify-
ing features associated with invasiveness or resistance to inva-
sion (Daehler 2001, Strauss et al. 2006, Steen et al. 2024). In 
a second step (Fig. 1), we assessed the importance of climatic 
niche shifts through intraspecific analyses of introduced taxa 
between their native and invaded ranges.

Specifically, we address the following questions: 1) which 
climate types and biogeographic regions are associated with 
the presence of congeneric native and introduced plant spe-
cies within the Canaries? 2) Is phylogenetic relatedness linked 
to climatic overlap between native and introduced congeners, 

Figure 1. Methodological framework summarizing the two-step analytical workflow used to evaluate the roles of biogeography, climate, and 
phylogeny in realized climatic niche patterns of the introduced flora in the Canary Islands. Left panel (interspecific analyses testing ‘Darwin’s 
pre-adaptation hypothesis’, DPAH): comparisons between each introduced species and its closest native congeneric species, quantifying 
phylogenetic distance (PD) and climatic niche overlap (Schoener’s D derived from PCA-env). These metrics are analyzed in relation to 
biogeographic origin and invasion stage using GLM(M)s to evaluate predictions of DPAH. Right panel (intraspecific analyses testing the 
‘climate matching hypothesis’, CMH): comparisons between native and invaded ranges of introduced species, estimating realized climatic 
niche metrics (expansion, stability, and unfilling) within PCA-env space. Resulting metrics are related to biogeographic origin and invasion 
stage using GLM(M)s to test expectations of the CMH. MED, Mediterranean Basin; MET, other Mediterranean-type regions (Cape 
Floristic Region, California Floristic Province, central Chile, southwestern Australia); NEO, Neotropics.
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consistent with interspecific phylogenetic niche conservatism 
as a driver of invasion success? 3) To what extent do real-
ized climate niches differ between native and invaded ranges, 
while accounting for species’ biogeographic origin? Building 
on evidence that biodiversity hotspots with Mediterranean-
type climates disproportionately receive introductions 
from climatically similar regions (Casado  et  al. 2018, Cao 
Pinna et al. 2021), we hypothesize that closely related intro-
duced species mostly originate from the Mediterranean Basin 
and exhibit high climatic niche overlap with both their native 
congeners and native ranges, reflecting strong inter- and 
intraspecific niche conservatism.

Material and methods

Study area
The Canary Islands, an oceanic archipelago located in the 
northeast Atlantic Ocean, belong to the Macaronesian biogeo-
graphic region (Fig. 2A; Fernández-Palacios et al. 2024). The 
archipelago is characterized by a subtropical Mediterranean 
climate, with mild temperatures and seasonally variable 
precipitation shaped by trade winds, oceanic influence, 
and complex topography (del Arco-Aguilar and Rodríguez-
Delgado 2018). A persistent thermal inversion limits verti-
cal cloud development, producing the characteristic ‘sea of 
clouds’, which supplies moisture to zonal ecosystems such as 
the laurel forests via horizontal precipitation, while lowland 
areas remain arid (del Arco-Aguilar and Rodríguez-Delgado 
2018, Patiño et al. 2023).

The archipelago is a well-established model for studying 
biodiversity patterns and underlying ecological and evolu-
tionary processes (Florencio et al. 2021). It represents a west-
ward extension of the Mediterranean Basin Hotspot into the 
Atlantic (Médail and Quézel 1997), and is noted for excep-
tional endemicity, with ~ 40% of the native vascular flora 
being endemic (del Arco-Aguilar and Rodríguez-Delgado 
2018). The region also harbours around 900 introduced spe-
cies, accounting for ca 32% of the total flora (Gobierno de 
Canarias 2025). Our study focuses on seed plant genera con-
taining both native and introduced species, comprising 97 
genera and 631 congeneric species, representing 30% of the 
introduced flora and 22% of the native flora (Gobierno de 
Canarias 2025).

The Canary Islands provide a particularly informative case 
study for biological invasions. Although both the climate 
and native flora are predominantly Mediterranean in origin 
(Carine et al. 2010, del Arco-Aguilar and Rodríguez-Delgado 
2018), the dominant biogeographic origin of invasive intro-
duced plants is the Neotropics, exceeding contributions from 
other Mediterranean-type regions (Morente-López  et  al. 
2023). This pattern likely reflects a combination of high 
Neotropical species richness (Raven  et  al. 2020); historical 
trade and migration links with the Americas (Parsons 1983); 
the rarity of snowfall and freezing temperatures, particularly 
below 1800 m a.s.l. (del Arco-Aguilar and Rodríguez-Delgado 
2018); and the potential misclassification of long-established 

introductions as native species, particularly of those with a 
Mediterranean origin (Morente-López  et  al. 2023). While 
this assemblage may initially appear to challenge both the 
CMH and DPAH, explicit analyses of the realized climatic 
niches occupied by introduced species in the archipelago are 
essential to critically evaluate these hypotheses.

Origin and biogeographical classifications
Each species was assigned native or introduced status based 
on the Biodiversity Data Bank of the Canary Islands (here-
after BIOTA, Gobierno de Canarias 2025). Following the 
framework of invasion as a continuum (Richardson  et  al. 
2000, Blackburn et al. 2011), we focused on the naturaliza-
tion and invasion stages. Accordingly, introduced species are 
hereafter categorized as either naturalized or invasive when 
referring to the invasion stage (Richardson et al. 2000).

To determine the native ranges of introduced species that 
are congeneric to native species in the Canary Islands (hereaf-
ter, congeneric species), we retrieved distribution data of their 
native geographic areas or ‘botanical countries’ as described 
by the World Geographical Scheme for Recording Plant 
Distributions (Brummitt 2001). Climate affiliations of each 
species were extracted from the World Checklist of Vascular 
Plants (Govaerts et al. 2021), which categorizes species into 
broad climate zones: temperate, subtropical, seasonally dry 
tropical, wet tropical, and desert and dry shrubland. This 
database was supplemented using Plants of the World Online 
(POWO, accessed between September 2022 and June 2023).

Furthermore, species were assigned to one or more native 
biogeographical regions following Morente-López  et  al. 
(2023). These regions include: the five Mediterranean-type 
climate regions (Mediterranean Basin, Cape Floristic Region, 
California Floristic Province, central Chile, and southwestern 
Australia); Palearctic Europe excluding the Mediterranean 
Basin, hereafter temperate Europe; Nearctic or temper-
ate North America excluding the Californian Province; 
Neotropics or tropical America excluding central Chile; 
tropical Africa excluding the Maghreb, Sahara, and Cape 
Region; Palearctic East Asia; tropical Asia; Australasia; and 
cold or hot (semi)deserts (Brummitt 2001). Species present 
in more than one region were further reviewed using addi-
tional literature sources to determine the most appropriate 
classification (Supporting information). Those with broad, 
disjunct, or cosmopolitan distributions were classified as 
widespread (Morente-López  et  al. 2023). Species presence 
across regions was recorded in a presence–absence matrix 
(Fig. 1). For statistical analyses, we finally focused on the 
most represented regions with sufficient sample size: the 
Mediterranean Basin, the other Mediterranean-type climates 
(i.e. Cape Floristic Region, California Floristic Province, cen-
tral Chile, and southwestern Australia), temperate Europe, 
and the Neotropical regions.

Occurrence data
Out of the 97 genera containing both native and introduced 
congeneric species, 15 were excluded due to insufficient 
occurrence data for their native range (i.e. fewer than 10 
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Figure 2. (A) Geographic location of the study area (Canary Islands) in a global context. (B) Proportions of introduced congeneric species 
in the Canary Islands (n = 268) according to their invasion stage, primary biogeographic region of native origin, and predominant climatic 
zone following Govaerts et al. (2021). (C)–(D) Boxplots showing phylogenetic distance (C) and climatic overlap with the closest native 
congener (D) for analyzed species pairs (n = 182), grouped by native presence (1) or absence (0) in each major biogeographic region 
(Mediterranean Basin, temperate Europe, the Neotropics and other Mediterranean-type climates) and by invasion stage (naturalized versus 
invasive). Asterisks (*) indicate statistical significance (p < 0.05). Australasia (AUS); Cape Floristic Region (CAP); Mediterranean Basin 
(MED); Temperate Europe excluding the Mediterranean Basin (EUR); Temperate North America (NEA); Southwestern Australia (ASN); 
Tropical America excluding central Chile (NEO); tropical Asia (AST); tropical Africa excluding the Maghreb, Sahara, and Cape Region 
(AFT); Widespread (WID).
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occurrences for some or all species of a given genus with pres-
ence in the archipelago) or because neither native nor intro-
duced species were represented in our backbone phylogeny 
(Supporting information). The remaining 82 genera (84.5% 
of the total) were retained for interspecific analyses (Step 1 in 
Fig. 1), encompassing 182 introduced species (67.4% of all 
introduced congeneric species; Supporting information) and 
405 native species.

For intraspecific comparisons between native and invaded 
ranges (Step 2 in Fig. 1), an additional 62 species were 
removed due to insufficient occurrence data in the invaded 
range. Consequently, the following analyses were based on 
data for 65 genera with a specific number of 120 intro-
duced species (44.6% of all introduced congeneric species; 
Supporting information).

We gathered species occurrence data from 1970 to the 
present. For the Canary Islands, distribution data were 
retrieved from the BIOTA platform (Gobierno de Canarias 
2023). For the native ranges of introduced species and the 
non-Canarian ranges of native species, we used GBIF (GBIF 
2023). Concerning data in the BIOTA database, we only 
retrieved records at the first two levels of resolution, using 
centroids of each 500 × 500 m grid cell. Raw GBIF occur-
rences underwent curation and cleaning following the 
‘CoordinateCleaner’ protocol (Zizka  et  al. 2019), which 
removes records located at country and capital centroids, 
records from zoos and herbaria, and occurrences placed in 
oceanic areas. We further cropped GBIF data to retain only 
occurrences within the species’ native ranges. After filtering, 
8 887 056 raw GBIF occurrences were reduced to 1 878 496 
records. BIOTA data, already filtered, provided an additional 
359 036 occurrences.

Climatic data
For climatic data, we used the 19 bioclimatic variables avail-
able in the CHELSA and CanaryClim datasets (Karger et al. 
2017, 2021, Patiño et al. 2023). These gridded bioclimatic 
variables represent yearly, seasonal, and monthly means and 
extremes in temperature and precipitation and have become 
a well-established standard for ecological modelling, mac-
roecology, and biogeography (Guisan  et  al. 2017). In our 
study, we therefore retrieved two different climate datasets 
depending on the geographic context. For the non-Canar-
ian range, we extracted present-day variables from CHELSA 
ver. 2.0 (Karger et al. 2017, 2021) at a 30 arc-second res-
olution (~ 1 km). For the Canary Islands range, we uti-
lized the CanaryClim ver. 1.0 dataset (Patiño et al. 2023), 
a downscaled version of CHELSA tailored for the archi-
pelago. The high habitat heterogeneity of small and topo-
graphically complex islands requires the use of datasets with 
the highest possible spatial resolution (Berio-Fortini  et  al. 
2022, Patiño et al. 2023). Consequently, we aimed for an 
optimal compromise between the spatial resolutions of the 
climatic data and species occurrences (Chauvier et al. 2022) 
and resampled all CanaryClim climatic layers to a 500 × 
500 m grid to ensure consistency with the BIOTA species 
occurrence data.

Phylogenetic distance inference
We constructed species-level backbone phylogenetic trees 
for each of the 82 genera considered in the present study 
(Supporting information). We used the ‘V.PhyloMaker2’ R 
package (www.r-project.org) (Jin and Qian 2022), which 
uses the seed plant mega-phylogeny by Smith and Brown 
(2018) to select a given set of species. Species absent from the 
backbone (hereafter referred to as unplaced species, UPS; see 
the Supporting information) were assigned positions through 
100 random placements based on additional phylogenetic or 
morphological information, using the ‘randtip’ R package 
(Ramos-Gutiérrez et al. 2023). We first identified the most 
derived consensus clades or singletons at the infrageneric level, 
to which species were randomly assigned either at the most 
recent common ancestor clade or at a random point along the 
singleton’s branch. Details on clade assignments are provided 
in the Supporting information. These backbone trees were 
then employed to calculate phylogenetic distances, defined as 
the sum of branch lengths (patristic distances) between pairs 
of introduced and native species within each genus. For each 
UPS, distances were calculated as the mean patristic distance 
across all inferred topologies (Ramos-Gutiérrez et al. 2023).

Climatic niche analyses
We used a two-step complementary modelling approach 
to assess differences in realized climatic niches at inter- and 
intraspecific levels (Fig. 1).

At the interspecific level, we quantified realized climatic 
niche overlap between congeneric native and introduced 
species pairs. Climatic niches were characterized within a 
reduced environmental space defined by an environmental 
principal component analysis of climatic variables (PCA-
env; Broennimann et al. 2012). For each species separately, 
a PCA-env was calibrated using all pixels of the raster maps 
of the 19 standardized bioclimatic variables pooled between 
the native and invaded range, and occurrence data from the 
two ranges were then projected within it. Species-specific 
realized climatic niches were then estimated using kernel 
density smoothing of occurrence densities (Worton 1989), 
implemented in the ‘ecospat’ R package (di Cola et al. 2017, 
Broennimann et al. 2026), reducing artifacts related to grid 
resolution and sampling effort (Broennimann  et  al. 2012, 
Guisan  et  al. 2012). Climatic niche overlap for each con-
generic native–introduced species pair was quantified using 
Schoener’s D, calculated from smoothed niche distributions 
and along the first two PCA axes, which capture the main cli-
matic gradients (Graham et al. 2004). In total, we performed 
182 pairwise comparisons involving 106 native species, as 
multiple introduced species within a genus could share the 
same closest native congener in the Canary Islands.

At the intraspecific level, we compared realized climatic 
niches between native and invaded ranges for 120 intro-
duced species. Using the same specific PCA-env framework 
described above, occurrences from each range were projected 
into the reduced climatic space, and range-specific climatic 
envelopes were estimated via kernel density smoothing in the 
‘ecospat’ R package (di Cola et al. 2017, Broennimann et al. 
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2026). Following Guisan et al. (2014) and Riera et al. (2025), 
we quantified three metrics describing range-specific realized 
climatic niche relationships within analogous climatic space: 
1) niche expansion, E, defined as the proportion of the intro-
duced realized climatic niche occurring outside the occupied 
native niche; 2) niche stability, Se, defined as the proportion 
of the introduced niche overlapping the occupied native 
niche; and 3) niche unfilling, U, defined as the proportion 
of the native realized climatic niche that remains unoccupied 
in the invaded range despite the availability of analogous cli-
matic conditions.

Metrics describing non-analogous climatic conditions, 
such as pioneering and abandonment (sensu Atwater  et  al. 
2018 and Riera et al. 2025) were not analysed because their 
interpretation relative to realized versus fundamental niches 
under novel climates remains uncertain (Guisan et al. 2012, 
Chevalier et al. 2024). We use the term ‘climatic niche shift’ 
for cases where E = 1 and Se = 0, following Broennimann et al. 
(2007, 2012), as complete occupation of novel climatic space 
without overlap with the native niche necessarily indicates a 
shift in niche position rather than a change in niche breadth 
alone (Guisan  et  al. 2014, Atwater  et  al. 2018). However, 
it is important to note that the term ‘climatic niche shifts’ 
has more generally included all other cases where the niche 
centroid changes without a complete occupation of novel cli-
mates (Broennimann et al. 2007, Petitpierre et al. 2012).

Statistical analyses
To test our two main hypotheses (Fig. 1), the DPAH and 
CMH, we used a generalized linear mixed modelling 
(GLMM) framework. The DPAH was evaluated through 
interspecific analyses of the relationship between climatic 
overlap and phylogenetic distance. In contrast, the CMH 
was assessed using intraspecific comparisons of realized cli-
matic niche differences between native and invaded ranges, 
quantified primarily through niche expansion, E. Climatic 
niche stability, Se, and niche unfilling, U, were calculated 
but not modelled since: 1) Se is, to some extent, mathemati-
cally complementary to expansion within analogous climatic 
space, and therefore negatively correlated with it; and 2) U 
mainly reflects properties of the native realized niche rather 
than processes occurring in the invaded range, providing 
limited direct inference for our focal hypotheses. To test our 
predictions, we focused on the effect of biogeographic origin, 
phylogenetic relatedness, and invasion stage, while acknowl-
edging that additional factors (e.g. species traits, life form, 
residence time) may also influence invasion outcomes (Cao 
Pinna et al. 2025, Riera et al. 2025).

More specifically, we assessed whether climatic over-
lap between native and introduced congeneric species pairs 
(measured as Schoener’s D) was influenced by phylogenetic 
distance (PD), biogeographic origin (i.e. Mediterranean 
Basin, MED; temperate Europe, EUR; Neotropics, NEO; or 
other Mediterranean-type regions, MET), and invasion stage 
(IS, i.e. naturalized versus invasive). Climatic overlap was 
used as response variable (1) and modelled using an ordered 

beta distribution, appropriate for bounded proportional data 
(Kubinec 2023). GLMMs were implemented using the ‘glm-
mTMB’ R package (Brooks  et  al. 2017), and model diag-
nostics (normality and homoscedasticity of residuals) were 
evaluated using the ‘DHARMa’ R package (Barreto  et  al. 
2021, Hartig et al. 2024). To assess whether accounting for 
the hierarchical structure imposed by the genus was neces-
sary, we evaluated genus as a random effect using intra-class 
correlation coefficients (ICC), likelihood ratio tests (LRT), 
and Akaike's information criterion for small samples (AICc). 
The full GLMM (i) was compared to a nested generalized 
linear model (GLM) excluding the random factor using the 
‘lmtest’ R package (Zeileis and Hothorn 2002, Lüdecke et al. 
2021).

ClimaticOverlap PD MED EUR NEO

MET IS 1 Genus

� � � �

� � � � �| 	 (1)

To disentangle the relative influence of phylogenetic dis-
tance, biogeographic origin, and the invasion stage, we 
used the dredge function in the ‘MuMIn’ R package (Bartoń 
2025) to generate all possible combinations of predictor 
variables. Model selection was based on the corrected AICc, 
with models ranked by ΔAICc. Models with ΔAICc ≤ 2 rela-
tive to the best-supported model were considered equally 
supported and effectively indistinguishable in model fit 
(Burnham and Anderson 2010). To assess the robustness of 
the results, analyses were repeated using a reduced dataset 
excluding UPSs.

Second, to test CMH at the intraspecific level, we mod-
elled expansion (2) as response variable, again using ordered 
beta distributions. Predictor variables included biogeographic 
origin (presence/absence in the Mediterranean Basin, temper-
ate Europe, Neotropics, or other Mediterranean-type regions) 
and invasion stage (naturalized versus invasive). As above, we 
evaluated the inclusion of genus as a random factor:

Expansion MED EUR NEO

MET IS 1 Genus

� � �

� � � � �| 	 (2)

We applied the same model selection procedure described 
above, constructing all possible combinations of predictor 
variables and identifying supported models using the ΔAICc 
≤ 2 threshold (Burnham and Anderson 2010). Model diag-
nostics were assessed using the ‘DHARMa’ R package. To dis-
entangle the relative importance of biogeographic origin and 
invasion stage, we generated model-averaged estimates from 
the supported models, interpreting standardized coefficients 
and summed model weights (sw) provided by ‘MuMIn’. All 
analyses were performed on the Teide High-Performance 
Computing facility (TEIDE-HPC) operated by Instituto 
Tecnológico y de Energías Renovables (ITER, S.A.).
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Results

Climate description and biogeographic origins
We compiled a dataset comprising 631 species across 97 gen-
era, including 268 introduced species. Although a subset of 
genera was excluded from downstream analyses (Material 
and methods), we provide a general overview of the climatic 
and biogeographic affinities of all introduced species. Most 
introduced species originated from temperate (54.5%) and 
subtropical (27.9%) climatic zones, with smaller propor-
tions from dry tropical (10.1%), wet tropical (3.7%), and 
desert climatic zones (3.7%, Fig. 2B). Biogeographically, 
the Mediterranean Basin was the dominant source region, 
accounting for 35.8%, followed by temperate Europe 
(14.2%) and the Neotropics (13.1%) (Fig. 2B). A notable 
proportion of species (13.4%) were classified as widespread, 
while the remaining taxa originated from temperate Asia 
(6.3%), tropical Africa (6.3%), Cape Region (5.2%), the 
Nearctic (2.6%), Australasia (2.2%), and tropical Asia (0.7%) 
(Fig. 2B, Supporting information).

Phylogenetic uncertainty and distance
Of the 82 genera retained for analysis (see Occurrence 
data), 160 native or introduced species were absent from 
the backbone phylogeny. Twenty-six of these were iden-
tified as taxonomic synonyms. The remaining UPS were 
then integrated into the tree using 100 random placements 
based on available morphological and phylogenetic infor-
mation. Among these, 31 were assigned as sister species or 
singletons, while 103 were placed within the most derived 
consensus clades supported by prior studies (Supporting 
information).

Phylogenetic distances between introduced and native con-
geners varied by biogeographic region (Fig. 2C). Introduced 
species from the Mediterranean Basin and temperate Europe 
showed significantly shorter phylogenetic distances to native 
Canarian species than those introduced from other regions 
(both p < 0.05, Fig. 2C). In contrast, Neotropical introduced 
congeners showed significantly greater phylogenetic distances 
to their native counterparts compared to species from other 
regions (p < 0.05, Fig. 2C). No significant differences were 
observed for species originating from other Mediterranean-
type climate regions compared to species from other biogeo-
graphic regions (p > 0.05, Fig. 2C).

Climate overlap at the interspecific level
Overall, climatic overlap between introduced species and 
their nearest native congeners was low, regardless of biogeo-
graphic origin (Fig. 2D, Supporting information). LRTs and 
AICc indicated that the GLMM approach, which included 
genus as a random factor, provided a significantly better fit to 
the data than the nested GLM without a random effect (χ2 = 
30.5, p < 0.001, ΔAICc = 28.2). Additionally, ICC showed 
that a moderate portion of the variance was explained by 
within-genus comparisons (ICC = 0.254).

Models testing for pre-adaptation, specifically those 
including phylogenetic distance as a predictor of climatic 
overlap, received limited statistical support. Model compari-
son showed that the null model had the lowest AICc value, 
but models including MED, NEO, or PD were within ΔAICc 
< 2 (Table 1). This indicates that none of the predictors pro-
vided a clear improvement to any model over the null model, 
although remaining within the set of plausible models. These 
results remained robust when using those datasets where UPS 
were not considered (Supporting information).

Intraspecific differences in realized climatic niches
Of the 120 introduced species included in the intraspecific 
analyses, 41 (34%) occupied climatic space entirely outside 
their occupied native realized niche (expansion [E] = 1, stabil-
ity [Se] = 0), and were therefore classified as exhibiting climatic 
niche shifts. An additional 77 (64%) species showed high cli-
matic niche expansion values (≥ 0.75). Mean values (± SD) of 
climatic niche E and U per species were high (0.71 ± 0.37 and 
0.86 ± 0.25, respectively), whereas Se was consistently lower 
(0.21 ± 0.32; Supporting information). Eight species exhib-
ited invaded ranges restricted to non-analogous climatic condi-
tions, for which expansion and stability could not be quantified 
within analogous climate space (E = 0 versus Se = 0; Supporting 
information). These eight species were therefore excluded from 
subsequent modelling. Variability among species grouped by 
biogeographic origin was also evident, although differences 
were not statistically significant (Supporting information).

For models testing the CMH, LRTs indicated no signifi-
cant effect of genus on climatic niche expansion (χ2 = 0.13, 
n.s.), and ICC values were low (ICC = 0.136). Accordingly, 
genus was excluded from the final models. Model selection 
based on ΔAICc identified five supported models for climatic 
niche expansion (Supporting Information). Model averaging 

Table 1. Model selection of the generalized linear mixed models predicting climatic overlap between introduced and native congeneric 
species as a function of phylogenetic distance (PD), the presence in the Mediterranean Basin (MED), Temperate Europe (EUR), Neotropics 
(NEO), and/or Mediterranean-type climates (MET), as well as the invasion stage. All possible combinations of models were ranked using 
ΔAICc, while only models with ΔAICc ≤ 2 are reported. Model: includes all of the selected subsets of models; Log(L): maximized log-likeli-
hood; ΔAICc: difference between AICc compared with the best-ranked model

Model log(L) df AICc ΔAICc

Climatic overlap ~ 1 + (1|genus) 138.92 5 −267.5 0
Climatic overlap ~ MED + (1|genus) 139.53 6 −266.6 0.9
Climatic overlap ~ MED + NEO + (1|genus) 140.42 7 −266.2 1.3
Climatic overlap ~ NEO + (1|genus) 139.19 6 −265.9 1.6
Climatic overlap ~ PD + (1|genus) 139.07 6 −265.7 1.8
Climatic overlap ~ MET + (1|genus) 138.99 6 −265.5 2.0
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Page 9 of 16

retained biogeographic origin and invasion stage as relevant 
predictors, although their influence differed. The Neotropics 
and Mediterranean Basin showed the highest summed 
model weights (sw = 1 for both, Fig. 3). Standardized coef-
ficients indicated that niche expansion was negatively associ-
ated with native presence in the Neotropics and, to a lesser 
extent, the Mediterranean Basin (Fig. 3A; Supporting infor-
mation). In contrast, native presence in temperate Europe, 
other Mediterranean-type regions, and invasion stage showed 

no significant association with this metric (Supporting 
information).

Discussion

By integrating phylogenetic relationships with distribution 
data from both native and introduced congeneric species, 
we independently tested both the DPAH and the CMH. 

Figure 3. Importance of biogeographic origin and invasion stage for the realized climatic niche metrics. (A) The importance of biogeo-
graphic origin (presence of a species as native in a given region) and invasion stage (naturalized versus invasive) for climatic niche expansion 
based on the sum of model weights (sw) from averaged GLMs (n = 112). Coefficients to the left of the red vertical line (zero) indicate nega-
tive relationships with the response variable (i.e. lower expansion values) for species native to a given biogeographic region or classified as 
naturalized; coefficients to the right of the red line indicate positive relationships. (B) and (C) Examples of species-specific realized climatic 
niches (PCA-env) for the two biogeographic regions showing significant effects, the Mediterranean Basin (B) and the Neotropics (C). 
Native and invaded ranges are shown in green and red, respectively, with niche overlap shown in purple. Examples on the right 
(Chenopodiastrum murale, Erigeron bonairense) correspond to species with high climatic niche stability and low expansion, whereas examples 
on the left (Andryala laxiflora, Sedum dendroideum) represent species with high expansion and low stability.
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Interspecific comparisons between congeneric species did 
not support the DPAH, challenging the underlying phylo-
genetic niche conservatism hypothesis, according to which 
introduced species are more likely to establish if they share 
adaptive, heritable traits, and hence are closely related to their 
native counterpart. We found evidence supporting the CMH 
at the intraspecific level, indicating that climate matching 
plays a role in the invasion success of species from both the 
Mediterranean Basin and the Neotropics. However, extensive 
climatic niche expansion throughout the different groups 
challenges the strict interpretation of the CMH.

Biogeographic origins and phylogenetic relatedness 
of introduced flora
Introduced species that are congeneric to natives in the Canary 
Islands originate predominantly from temperate and subtrop-
ical climate zones, particularly the Mediterranean Basin and 
temperate Europe. At first sight, this patterns aligns with two 
key expectations: 1) a relatively high macroclimatic match 
between native and invaded ranges, potentially reinforcing the 
role of inter- and intraspecific niche conservatism as a main 
driver of establishment and invasion (Wiens and Graham 
2005, Petitpierre et al. 2012, Strubbe et al. 2015, Liu et al. 
2020, Broennimann et al. 2021; but see Stroud 2021); and 2) 
the Mediterranean Basin as a key donor region to other areas 
with a Mediterranean-type climate (Kalusová  et  al. 2017, 
Casado et al. 2018, Cao Pinna et al. 2021). Long-standing 
human–plant interactions in Mediterranean and European 
landscapes likely facilitated adaptation to anthropogenic 
environments, thereby increasing invasion potential (Di 
Castri 1989, Jeschke and Strayer 2005, Hierro et al. 2006, 
Kalusová et al. 2017, McDougall et al. 2018). However, these 
trends are limited to the subset of species chosen because they 
have congeneric native species present in the islands and may 
not extend to the entire naturalized and invasive flora of the 
Canary Islands (Morente-López et al. 2023). Identifying the 
mechanisms underlying these patterns therefore remains 
both a key challenge and an opportunity to refine predictions 
of plant invasions (Pyšek et al. 2015, van Kleunen et al. 2018, 
Gioria et al. 2023).

Limited climatic niche support for Darwin’s pre-
adaptation hypothesis
In the subset of species analysed, Mediterranean and temper-
ate European introduced species are phylogenetically closer 
to native Canarian species than species from other regions, 
consistent with patterns described for the assembly of native 
vascular flora (Carine  et  al. 2010, Martín-Hernanz  et  al. 
2023, reviewed by Fernández-Palacios  et  al. 2024). Our 
analyses provided only limited support for an effect of PD 
or biogeographic origin on climatic niche overlap. The 
null model had the lowest AICc value, but models includ-
ing MED, NEO, or PD also fell within the set of plausible 
models, indicating that these predictors cannot be entirely 
ruled out, even though they did not provide a clear improve-
ment in explanatory power. Overall, these results provide 
little support for the DPAH and suggest that climatic niche 

conservatism is not a universal mechanism promoting inva-
sion success among close relatives (Park et al. 2020, Qian and 
Sandel 2022). Instead, its influence appears to be context-
dependent and contingent on both evolutionary trajectories 
and regional ecological circumstances.

These results contrast with broader-scale studies that link 
pre-adaptation with invasion success (Park and Potter 2015, 
Park et al. 2020, Qian and Sandel 2022, 2023). Several fac-
tors may explain this discrepancy. At fine evolutionary and 
spatial scales, such as genus-level comparisons within a single 
archipelago, phylogenetic dispersion can vary widely, obscur-
ing potential relationships with climatic overlap by leading 
to increased phylogenetic clustering, dispersion, or neither 
(Cadotte et al. 2009, Qian and Sandel 2022, 2023). Thus, 
support for the phylogenetic niche conservatism hypothesis 
may arise when phylogenetic distances between native and 
introduced species are computed at macroevolutionary scales, 
as for instance across the entire phylogeny of species present 
in a given region (Qian et al. 2022). Indeed, deep branches 
may contribute more than shallow branches among conge-
neric species in characterizing phylogenetic niche conserva-
tism (Hardy et al. 2012).

Spatial niche truncation due to sampling biases or 
restricted climatic ranges, often invoked as a driver of inaccu-
rate predictions of species distributions (Guisan et al. 2014, 
Chevalier et al. 2021), can further obscure potential patterns 
by adding noise to estimates of the relationship between cli-
matic overlap and phylogenetic relatedness. Complementing 
DPAH, the ‘niche preemption’ hypothesis proposes that the 
presence of native congeners could limit the establishment 
of newly arriving closely related lineages through priority 
effects (Silvertown 2004), whereas ‘Darwin’s naturalization’ 
hypothesis predicts the success of introduced species that are 
not closely related to the native species (Diez  et  al. 2008). 
While our results could point towards these hypotheses, our 
methodology does not directly test them, as the underlying 
processes involve biotic resistance and competitive exclusion 
rather than niche or trait similarities (Cadotte et al. 2018). 
Regardless, these findings emphasize the complementary 
role to interspecific approaches to intraspecific comparisons 
of realized climatic niches when testing invasion hypotheses 
such as DPAH (Haubrock et al. 2024).

On the role of differences in realized climatic niches
In our study, climatic niche expansion was widespread among 
introduced species, whereas niche stability remained generally 
low. Over one-third of species (34%) exhibited climatic niche 
shifts, occupying climatic space entirely outside the realized 
niche occupied across their native range, and a further 30% 
showed high expansion values (≥ 0.75). Across biogeographic 
origins, descriptive patterns consistently indicated low stabil-
ity and comparatively high expansion and unfilling. Model 
selection analyses further identified biogeographic origin as a 
key predictor of expansion, with species of Neotropical and 
Mediterranean Basin origin showing lower expansion.

These convergent responses across contrasting biogeo-
graphic origins likely reflect the strong climatic heterogeneity 
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of the Canary Islands, driven by steep altitudinal gradients, 
complex topography, and proximity to Africa (del Arco-
Aguilar and Rodríguez-Delgado 2018, Patiño  et  al. 2023), 
which generate climatic conditions analogous to both 
Mediterranean and Neotropical semi-arid regions. Climatic 
matching between native and invaded ranges, reflected 
in higher stability values, likely facilitates naturalization 
and spread, particularly among xerophytic species adapted 
to seasonal drought through diverse functional strategies 
(Gianoli and Molina-Montenegro 2021, Ferreras  et  al. 
2023). However, attributing invasion success solely to cli-
matic matching, and thus to partial support for the CMH, 
would oversimplify the underlying processes. Recent stud-
ies in Mediterranean systems instead emphasize the roles of 
long-distance dispersal, novel biotic interactions, and local 
acclimation in driving climatic niche shifts (Cao Pinna et al. 
2025), whereas niche conservatism appears more strongly 
associated with longer residence times and broader native cli-
matic niches (Riera et al. 2025).

Understanding introduced niches beyond climate 
matching
Although limited by our modelling approach, our find-
ings reinforce previous evidence that climatic niche changes 
(i.e. expansion or shift) are common in biological invasions 
(Petitpierre et al. 2012, Liu et al. 2020), with or without mod-
ification of the fundamental niche (Broennimann et al. 2007, 
2014, Guisan et al. 2014, Tingley et al. 2014, Colautti et al. 
2016). Many introduced species appear to occupy climatic 
conditions absent in their native ranges (Pearman et al. 2008, 
Gallagher et al. 2010), thus facilitating occupation of non-
analogous climatic regimes. Recent evidence further suggests 
that 65–100% of 815 terrestrial plant species introduced 
across five continents have undergone climatic niche shifts, 
depending on how these shifts were measured (Atwater and 
Barney 2021). The climatic niche shift detected for a subset 
of species may result from ecological release from natural or 
anthropogenic biotic constraints (e.g. interspecific competi-
tion, predation, pathogens, pests) or dispersal limitations 
in the native range (Catford et al. 2011, van Kleunen et al. 
2018, Gioria et al. 2023). The relatively high proportion of 
congeneric species compared with the full introduced flora 
may also be interpreted as evidence against the ‘niche pre-
emption’ hypothesis (Silvertown 2004). Originally devel-
oped to explain establishment versus exclusion under natural 
assembly processes, this hypothesis can be extended to inva-
sion contexts, where the presence of closely related native 
congeners would be expected to preclude the establishment 
of exotic congeners through priority effects (Pulliam and 
Danielson 1991, Fraser et al. 2015). This prediction was not 
supported by our results.

Alternatively, climatic niche shifts may arise from rapid 
in situ evolution, leading to changes in species’ fundamental 
niche tolerances (Kubisch  et  al. 2013, Wiens  et  al. 2019). 
Besides this, climatic mismatch may also reflect spread lags, 
whereby introduced species have not yet occupied their full 
potential climatic space (Petitpierre  et  al. 2012). In other 

words, a lag between colonization and complete range shift 
can occur, influenced by residence time and other intrinsic 
or extrinsic factors (Wilson et al. 2007, Gioria et al. 2023, 
Robeck  et  al. 2024, Riera  et  al. 2025). This phenomenon, 
often termed ‘invasion debt’ (Essl et al. 2011, Cao Pinna et al. 
2024), could partly explain the relatively high levels of niche 
unfilling observed in our analyses. However, because we did 
not explicitly quantify the availability of native-range cli-
matic space within the Canary Islands, niche unfilling cannot 
be attributed unambiguously to invasion debt alone. These 
lags further complicate predictions of future spread and inva-
sion events (Sax et al. 2007) and highlight the need for ongo-
ing monitoring and integrative early-detection approaches, 
including mapping, surveillance, and scanning exercises 
(Simberloff et al. 2013, Hulme 2025).

While this study provides valuable insights into differences 
in realized climatic niches, an important limitation remains: 
cloud cover and mist precipitation, key drivers of plant dis-
tributions in the Canary Islands (Sperling et al. 2004, Marzol 
2008, García-Alvarado  et  al. 2024), are not explicitly rep-
resented in CanaryClim or CHELSA. As a result, some 
inferred climatic niche expansion may reflect the exploita-
tion of suitable microclimatic conditions not captured by 
these climatic datasets. Future work should integrate satel-
lite-derived information on cloud cover and inversion-layer 
height (Pouteau  et  al. 2018, Dorta-Antequera and Correa 
González 2025) with existing bioclimatic datasets to better 
represent these critical environmental drivers and clarify their 
role in plant establishment and invasion (Steen et al. 2024).

Overall, many introduced species appear far from cli-
matic equilibrium in their invaded ranges, indicating 
potential for continued range expansion under ongoing cli-
matic and environmental change (Wallingford  et  al. 2020, 
Naimi et al. 2022, Gioria et al. 2023). Land-use change has 
likewise been identified as a major driver of biological inva-
sions in the Canary Islands (Fernández-Palacios et al. 2023). 
Because our estimates of realized climatic niches are derived 
from restricted temporal and spatial windows (i.e. reflecting 
occurrence and climate data spanning only recent decades, 
Atwater  et  al. 2018), future research should adopt broader 
temporal and geographic scales, incorporate more compre-
hensive phylogenetic frameworks, and integrate non-climatic 
predictors (e.g. historical and contemporaneous land-use 
change). Such approaches will better capture the complexity 
of plant invasions and realized niche changes during natural-
ization at both inter- and intraspecific levels (Cadotte et al. 
2018, Lovell et al. 2021, Maitner et al 2022).
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