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The path followed by species in the colonization of remote oceanic islands ultimately depends on their phylogenetic constraints and ecological responses. In this study, we aim to evaluate the relative role of geographical and ecological forces in the origin and evolution of the Madeiran ivy (Hedera maderensis), a single-species endemic belonging to the western polyploid clade of Hedera. To determine the phylogenetic placement of H. maderensis within the western polyploid clade, we analyzed 40 populations (92 individuals) using genotyping-by-sequencing and including Hedera helix as outgroup. Climatic niche differences among the study species were evaluated using a database with 867 records representing the entire species ranges. To test species responses to climate, 13 vegetative and reproductive functional traits were examined for 70 populations (335 individuals). Phylogenomic results revealed a nested pattern with H. maderensis embedded within the south-western Iberian H. iberica. Gradual niche differentiation from the coldest and most continental populations of H. iberica to the warm and stable coastal population sister to H. maderensis parallels the geographical pattern observed in the phylogeny. Similarity in functional traits is observed for H. maderensis and H. iberica. The two species show leaves with higher specific leaf area (SLA), lower leaf dry matter content (LDMC) and thickness and fruits with lower pulp fraction than the other western polyploid species H. hibernica. Acquisition of a Macaronesian climatic niche and the associated functional syndrome in mainland European ivies (leaves with high SLA, and low LDMC and thickness, and fruits with less pulp content) was a key step in the colonization of Madeira by the H. iberica/H. maderensis lineage, which points to climatic pre-adaptation as key in the success of island colonization (dispersal and establishment). Once in Madeira, budding speciation was driven by geographical isolation, while ecological processes are regarded as secondary forces with a putative impact in the lack of further in situ diversification.
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Introduction

The path followed by species to reach oceanic islands, and then establish and speciate on them, remains a challenging open question in biogeography (Patiño et al., 2017). Achieving island colonization (including dispersal and establishment) involves the successful interaction between a mixture of ecological and evolutionary processes that are difficult to unravel (Alzate et al., 2020). The dispersal filter depends on the propagule pressure (frequency of dispersal events and number of propagules per dispersal event), which is mainly determined by the traits of the propagules and the distance from the source to the island. The environmental filter depends on the biotic and abiotic pressures during dispersal and mostly upon arrival, and it is related to pre-adaptation or easiness to adapt to new environments. Oceanic islands host the most spectacular radiations (e.g., Fernández-Mazuecos et al., 2020), but the course of evolution after island colonization is not limited to that, and also includes non-speciation and speciation without diversification. This is so because the evolutionary fate of a new island colonizer depends on an array of multiple factors such as the time elapsed since colonization, the degree of isolation from the mainland, the geographical and ecological opportunities for speciation (biotic and abiotic pressures), the propagule pressure and the phylogenetic constraints of the lineage (Stuessy et al., 2006; Takayama et al., 2015). Indeed, the high endemicity levels on oceanic islands do not only come from astonishing radiations but also from a surprisingly high proportion of lineages that speciated once on the islands and did not further diversify (single-species endemics; Patiño et al., 2014). However, the factors driving the evolutionary path of lineages that do not radiate after island colonization have been much less studied, and the ways ecological factors interact with geographical isolation and phylogenetic constraints to produce such pattern remain unclear. In this context, studying how functional traits have changed during island colonization can help unravel the role of ecological factors. Functional traits are those plant characteristics that affect individual fitness and represent ecological strategies related to the responses of plants to environment (Pérez-Harguindeguy et al., 2013). As such, they provide a unique perspective about how plants have undergone changes related to environmental factors.

Macaronesia is a keystone biogeographic region for the study of island colonization and speciation processes. It includes four major oceanic archipelagos (Azores, Madeira, Canary Islands, and Cape Verde) in the northeast Atlantic Ocean (Takhtajan, 1986) and displays a combination of iconic radiations and single-species endemics. The proximity of most Macaronesian archipelagos to the mainland makes their patterns of colonization and speciation unusual in the context of the world’s oceanic archipelagos (Kim et al., 2008) and these patterns have deserved much attention from naturalists and scientists since Humboldt visited Tenerife in 1799 (Gebauer, 2014). Madeira is the second island of Macaronesia after Tenerife (Canary Islands) in terms of vascular plant richness (1,136 species, including 94 endemics; Borges et al., 2008). Yet, it is relatively small and geologically recent, and it is located at an intermediate distance from the mainland in comparison to other Macaronesian islands. Thus, the evolutionary history of Madeiran plants deserves much attention.

The Madeiran ivy (Hedera maderensis K. Koch ex A. Rutherford) is a frequent liana element in the laurel forests (laurisilva; Capelo et al., 2005) of Madeira and a single-species endemic. Despite being one of the most representative species of the well-known laurisilva, the origin and speciation of the Madeiran ivy remain poorly understood. Previous phylogenetic studies have identified a clade including H. maderensis and two western European ivy species: H. hibernica (G. Kirchn.) Bean and H. iberica (McAll.) Ackerf. & J.Wen (hereafter the “western polyploid clade”). The three species show robust morphological and cytogenetic differences (Vargas et al., 1999; Valcárcel and Vargas, 2010). On the one hand, H. hibernica can be easily distinguished by its unique trichomes (rotate with few rays and a medium-sized central part), which largely differ from those of H. maderensis and H. iberica (scale-like, with multiple rays and a large central part; Valcárcel and Vargas, 2010). Also, H. hibernica is tetraploid while H. maderensis and H. iberica are hexaploids (Vargas et al., 1999). On the other hand, H. maderensis and H. iberica are quite distinct regarding the leaves in the vegetative phase (juvenile phase). Indeed, H. iberica has deeply lobate juvenile leaves (>50% of the blade) with a long central lobe that is normally much longer than wide (up to three times longer), whereas H. maderensis has shallowly lobate vegetative leaves (<50% of the blade) with a central lobe that is wider than long (Ackerfield and Wen, 2003; Valcárcel and Vargas, 2010). Nonetheless, the species monophyly and their phylogenetic relationships remain unresolved (Vargas et al., 1999; Valcárcel et al., 2003a). While polyploidization may have played a fundamental role in the evolution of the western polyploid clade of Hedera as a whole (Vargas et al., 1999; Valcárcel et al., 2003a; Green et al., 2011; Escudero et al., 2014a), geographical isolation has been hypothesized as the main speciation driver in H. maderensis (Vargas et al., 1999). However, geographical distance cannot be an explanation by itself since ivies seem to display great dispersal capacity, as inferred from the multiple non-specialized dispersers that have been reported for ivies (Ridley, 1930; Guitián, 1987; Passinelli, 2003; Heleno et al., 2011) and the large territories that ivy species tend to occupy. This capacity for dispersal by animal vectors is not surprising since the fleshy fruits of ivies have high content of soluble carbohydrates and lipids and are produced during winter, a period when there is little food for animals. In addition, the extent to which ecological processes might have also contributed to the speciation of the Madeiran ivy has not been explored so far, even though the three species of the western polyploid clade show large differences in their distributional ranges that might be habitat-dependent. Whereas H. hibernica extends through a large latitudinal range (from mid-western Portugal to North England; Valcárcel et al., 2003b; Metcalfe, 2005) and a wide altitudinal range (from sea level to 1,800 m; Valcárcel, 2008), the latitudinal spread of H. iberica is restricted to the southwestern half of the Iberian Peninsula, where it occurs from sea level locations to 850 m altitude, and H. maderensis only occurs on the island of Madeira from sea level to 900 (1,450) m(Valcárcel, 2008). Indeed, while all of them are associated with oceanic conditions, the three species seem to occupy different habitats (Valcárcel et al., 2017): H. maderensis primarily occurs in oceanic laurel forests of Madeira, H. iberica in the subtropical Tertiary refugia of SW Iberia (Rutherford, 1989; Costa et al., 1997; Calleja et al., 2009) and H. hibernica in mild Atlantic deciduous forests (McAllister, 1990). Thus, the Madeiran ivy is an interesting study system for analyzing the evolutionary forces leading to single-species island endemics.

In this study, we aimed to analyze the main factors that drove the evolution of the lineage of H. maderensis and to disentangle the relative importance of geographic barriers and environmental pressures for the evolutionary path followed by this lineage on Madeira. We hypothesized that H. maderensis is sister to H. iberica because of their similarity in ploidy and morphological characters (Vargas et al., 1999; Valcárcel and Vargas, 2010). Furthermore, because of the similarity between the main habitats of the two species (Madeiran laurisilva vs. subtropical refugia in the Iberian Peninsula) we expected limited divergence in their climatic preferences and their ecological responses in the field despite their geographical distance. To test these hypotheses, we addressed four specific objectives: (1) to clarify the phylogenetic relationships among the western polyploid species of Hedera by using the high-throughput sequencing genotyping-by-sequencing (GBS) technique; (2) to characterize the differences and similarities in climatic niche preferences of the western polyploid species by using a geo-referenced database; (3) to analyze whether phylogenetic divergence is coupled with phenotype differences that are associated with responses to climate by studying 13 functional traits (Pérez-Harguindeguy et al., 2013); and (4) to clarify the evolutionary history and biogeographic origin of H. maderensis.



Materials and methods


Sampling

For the phylogenomic study, dry leaf tissue was collected from 40 populations (92 individuals, 1-5 per population; Supplementary Table 1 and Figure 1), including 13 populations of H. helix (25 individuals), 11 populations of H. hibernica (20 individuals), 9 populations of H. iberica (26 individuals), and 7 populations of H. maderensis (21 individuals). This sampling strategy covered the whole distribution range of the three species of the western polyploid clade and a good representation of the range of the outgroup species H. helix (Figure 1). Special sampling effort was made to represent the distribution in the Iberian Peninsula of the two most widespread species (H. helix and H. hibernica) because this is the area where the three mainland species come into contact (Valcárcel, 2008; Valcárcel et al., 2017) and where the greatest number of plastid haplotypes have been detected (Valcárcel et al., 2017).
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FIGURE 1
Occurrence-based map of the distribution ranges of the three species of the western polyploidy clade of Hedera (H. hibernica, H. iberica, H. maderensis) and H. helix. Circles indicate samples included for the climatic niche study. Stars indicate samples also included in the phylogenetic study.


For the study of functional traits in the western polyploid clade, leaves and fruits were sampled from 70 populations in the Iberian Peninsula and Madeira (335 individuals; Supplementary Table 2, map in Figure 2), including 52 populations of H. hibernica (248 individuals), 9 populations of H. iberica (53 individuals), and 9 populations of H. maderensis (34 individuals). To account for intra-individual variability, we collected five replicates per individual. Ivies have heteroblasty with two distinct phases: the juvenile non-flowering phase (herein called “vegetative phase”) and the adult reproductive phase (herein called “reproductive phase”). The most conspicuous difference between the two phases is the type of growth, which is plagiotropic in the vegetative phase and orthotropic in the reproductive phase (Robbins, 1957; Stein and Fosket, 1969; Poethig, 1990). The vegetative phase grows as part of the forest understory (it spreads on the ground or climbs up on tree trunks or rocks) and its leaves can be considered shade leaves, whereas the reproductive phase occurs in the forest canopy and develops sun leaves (Rehm et al., 2014). Because of this, we collected leaves from both the vegetative and the reproductive phases.
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FIGURE 2
Phylogenetic tree of the western polyploid clade of Hedera based on phylogenomic analysis of GBS data (c80m15p6r3), and using H. helix as outrgoup. The maximum-likelihood tree obtained in RAxML is shown, with bootstrap support values ≥75% indicated above branches. Posterior probability values obtained in the Bayesian analysis in ExaBayes are shown below branches. The inset shows a map of the Iberian Peninsula and Madeira indicating sampling localities for the study of functional traits and the geographical lineages of H. iberica.




Genotyping-by-sequencing library preparation

Total genomic DNA was isolated from dry leaf tissue using a modified CTAB protocol (Doyle and Doyle, 1987; Cullings, 1992). DNA concentrations were assessed with a Qubit 3.0 Fluorometer (Invitrogen, Carlsbad, CA, United States) using the dsDNA BR Assay Kit. A GBS library was prepared using 500 ng of DNA per sample and the PstI-HF restriction enzyme. We followed the protocol of Fernández-Mazuecos et al. (2018), which is based on the original GBS protocol of Elshire et al. (2011) and incorporates modifications published by Escudero et al. (2014b) and Grabowski et al. (2014). After the digestion, ligation and pooling steps, DNA fragments were PCR-amplified for 19 cycles using the NEB 2X Taq Master Mix (NEB, MA, United States) and 35 ng of starting DNA in an Eppendorf Mastercycler ep gradient S (Eppendorf, Hamburg, Germany). The amplified library was purified using AMPure XP magnetic beads (Beckman Coulter, CA, United States). Quantification and quality control of the library were carried out using a 2100 Bioanalyzer (Agilent, CA, United States). Additionally, cloning was conducted using a pGEM-T Easy Vector (Promega Biotech Ibérica, Spain), and the inserts of 10 positive colonies were PCR-amplified and sequenced using the Sanger method (Sanger et al., 1977) to confirm the correct ligation of adapters. The library was submitted to Macrogen Inc. (Seoul, South Korea) for sequencing using Illumina HiSeq 4000 (Illumina, Inc., San Diego, CA, United States) paired-end technology.



Genotyping-by-sequencing data assembly

Genotyping-by-sequencing matrices were assembled from FASTQ files in seven steps using the ipyrad software1 with the methodology for de novo assembly (without a reference genome; Eaton, 2014; Eaton and Overcast, 2020) and treating data as single-end. Assembly parameters followed Fernández-Mazuecos et al. (2020), except where indicated. For the demultiplexing step, a maximum of two base mismatches was allowed in barcode sequences. Three different clustering threshold values (c: 80, 85, and 90) and two minimum taxon coverage values (m: 4 and 15) were used. Additionally, since the study species display three ploidy levels (2×, 4×, and 6×), we assembled the data using two alternative values (p: 2 and 6) for the maximum number of alleles per locus, corresponding to the maximum and minimum ploidy levels. Although the assembly of GBS data is challenging for polyploids, and particularly for a dataset with mixed ploidy levels, we adopted this pragmatic approach to assess the robustness of our results to different values of p applied to the whole dataset. Combination of values for these 3 parameters (c, m, and p) led to 12 assemblies of GBS loci.

Individuals with low locus recovery showed uncertain positions in preliminary phylogenetic analyses. To avoid the phylogenetic noise caused by these individuals, 3 matrices were prepared from each of the 12 assemblies: 2 matrices including only individuals with at least 500 and 1,000 recovered loci in preliminary assemblies (hereafter denoted as r1 and r2, respectively); and a matrix including individuals with at least 1,000 loci that did not change phylogenetic position across analyses (hereafter denoted as r3). Therefore, a total of 36 datasets were generated, each of them denoted as cXmYpZrW, with X being the clustering threshold, Y the minimum taxon coverage, Z the ploidy level, and W the level of filtering of individuals (see above).



Phylogenetic analyses

Concatenation-based maximum-likelihood (ML) phylogenies were constructed for all 36 matrices using RAxML-HPC 8.2.12 (Stamatakis, 2014) with the GTR + CAT substitution model during tree search, followed by evaluation of the final tree under the GTR + GAMMA model. The number of bootstrap replicates was determined by the bootstopping criterion (Pattengale et al., 2010). The highest bootstrap support values for major clades in RAxML analyses were obtained for the r3 matrices obtained from the dataset generated using a clustering threshold of 0.80, a minimum taxon coverage of 15 and a maximum number of alleles per loci of 6 (c80m15p6r3 dataset). This matrix was selected for all remaining analyses.

We conducted an additional concatenation-based analysis of the c80m15p6r3 dataset using Bayesian inference (BI), implemented in ExaBayes 1.5 (Aberer et al., 2014). The GTR + GAMMA substitution model, default priors and a parsimony starting tree were used. Two parallel MCMC runs, with two coupled chains each, were carried out for 1.2 million generations, sampled every 500 generations. Convergence of each run was assessed by evaluating trace plots and effective sample size values in Tracer 1.7 (Rambaut et al., 2018). An extended majority-rule (MR) consensus tree was calculated for each run after discarding a burn-in of 10%. Although the two runs converged to slightly different likelihood values, the resulting MR trees were virtually identical. Therefore, the two runs were combined for calculation of the final MR tree.

We also analyzed the c80m15p6r3 dataset using the coalescent-based method SVDquartets (Chifman and Kubatko, 2014) implemented in PAUP* 4.0a (Swofford, 2002). The multispecies coalescent option was used, with exhaustive quartet sampling and eight taxon partitions corresponding to H. helix, H. hibernica, H. maderensis, and the five disjunct populations of H. iberica. We ran 100 bootstrap replicates, and the resulting trees were summarized in a 50% MR consensus tree.

All phylogenetic analyses were carried out through the CIPRES Science Gateway V. 3.3.2



Population genetic structure

To evaluate the genetic structure of the study group and test the correspondence between species and genetic clusters, we analyzed an unlinked single nucleotide polymorphism (SNP) matrix corresponding to the sequence matrix selected from phylogenetic analyses (c80m15p6r3, see above). Genetic PCA was performed using the Jalview 2 software (Waterhouse et al., 2009). Bayesian analysis of population structure was carried out in BAPS (Corander et al., 2008). Two BAPS analyses were conducted, one of them taxonomically unconstrained and the other taxonomically constrained. For the taxonomically unconstrained analysis, a two-step analysis was conducted to identify the total number of clusters. First, a mixture analysis was run using all individuals, which detected two clusters. Then, a further mixture analysis was conducted within each of them to discover finer genetic structure. As a result of this two-step taxonomically unconstrained approach, we detected a total of three clusters (K = 3), which were used as pre-defined populations in a subsequent admixture analysis including all populations together again and a minimum population size of 5, 100 iterations, 200 reference individuals from each population and 20 iterations for reference individuals. For the taxonomically constrained analysis, an admixture analysis was conducted with the same parameters and using the four species as pre-defined populations (K = 4).



Climatic niche study

To characterize the climatic niches and evaluate niche shifts during speciation, the database of Coca-de-la-Iglesia et al. (M. Coca-de-la-Iglesia, UAM, Madrid, Spain, unpubl. res.) was used. This database includes 867 records from the entire geographical ranges of the three species of the western polyploid clade (254 of H. hibernica, 76 of H. iberica, and 34 of H. maderensis) and H. helix (503). In this database, species identification of the records is taxonomically certain because they were all identified by the specialist of the genus (V. Valcárcel). Climatic data were obtained from WorldClim (Hijmans et al., 2005) with a resolution of 2.5 min. The 19 bioclimatic variables were clipped in ArcGIS 10.6.1 (ESRI) using the maximum and minimum latitude and longitude coordinates in our database of occurrences. We calculated pairwise Pearson correlations among the 19 bioclimatic variables. To avoid collinearity effects, when two variables had pairwise correlations above 0.8 we excluded one of them. Subsequent analyses were done using the resulting nine variables (bio03: isothermality; bio07: temperature annual range; bio08: mean temperature of wettest quarter; bio09: mean temperature of driest quarter; bio10: mean temperature of warmest quarter; bio11: mean temperature of coldest quarter; bio15: precipitation seasonality; bio16: precipitation of wettest quarter; and bio18: precipitation of warmest quarter).

Climatic niches of the three species of the western polyploid clade plus H. helix were evaluated using a PCA-env approach implemented in the R package ecospat (Warren et al., 2008; R Core Team, 2013; Di Cola et al., 2017). PCA-env is a principal component analysis calibrated using the entire environmental space of the study area (Broennimann et al., 2012). Niche overlap for all three species pairs of the western polyploid clade was quantified by means of the D metric (Schoener, 1970), which was selected due to its long history of use and simplicity of application (Warren et al., 2008). D values range from 0 (no overlap between niches) to 1 (complete overlap between niches). The first two dimensions of the PCA were summarized in the form of violin plots using the function “geom_violin” in the ggplot2 package (Wickham, 2016).

Niche equivalency and niche similarity tests (Warren et al., 2008; Broennimann et al., 2012) were also conducted in ecospat for each pair of species of the western polyploid clade. Niche equivalency tests were used to evaluate niche divergence, i.e., whether the observed niche overlap between two species (D) is significantly lower than a null distribution generated by randomly reallocating the occurrences of both species between their ranges (the alternative = “lower” option was used). Specifically, for each pair of species the null distribution was obtained by randomly generating 100 pseudo-replicates that kept the number of occurrences for each species constant and reallocated occurrence between them. The equivalence hypothesis was rejected when the observed D was below the lower limit of the 95% confidence interval of the null distribution.

Niche similarity tests were used to evaluate niche conservatism, i.e., whether the observed niche overlap between two species (D) is significantly greater than a null distribution obtained by allowing random shifts of the niches within the environmental space (the alternative = “greater” option was used). These tests were based on the Chi-square test of Peterson et al. (1999) with the modifications described in Warren et al. (2008). Null distributions were generated with 100 iterations, and allowing both ranges to be randomly shifted (rand.type = 1). Niche conservatism was inferred if the D value was above the upper limit of the 95% confidence interval of the null distribution.

R scripts for all niche analyses are available online in Supplementary Script 1.



Functional traits

We analyzed 13 functional traits (6 vegetative traits and 7 reproductive traits) recognized as representative of ecological strategies of plants (Pérez-Harguindeguy et al., 2013). These traits have an impact on individual growth and reproduction (Violle et al., 2007) and are indicative of species responses to the environment (Pérez-Harguindeguy et al., 2013). As vegetative traits, we used specific leaf area (SLA), leaf dry matter content (LDMC) and the traits used to estimate both functional traits (leaf area, leaf dry mass and leaf fresh mass). This strategy allowed us to identify which individual traits were responsible for the changes in SLA and LDMC. SLA is the area of a fresh leaf divided by its dry mass. SLA is frequently related to higher growth rates and is linked to more productive environments. An increase in SLA can be obtained either by increasing area or by decreasing the biomass, and thus analyzing SLA and its component traits can help understand how plants have changed their phenotype. Similarly, LDMC is the oven-dry mass of a leaf divided by the water-saturated mass of the same leaf. Higher LDMC values are usually related to lower growth rates and less productive environments. Higher LDMC values can be the consequence of an increase in the dry mass or a decrease in the fresh mass. Finally, we also measured leaf thickness because it is one of the key components of SLA (it is directly related to leaf density and biomass) and plays a key role in determining the physical strength of the leaves (see Pérez-Harguindeguy et al., 2013).

The vegetative traits were evaluated using vegetative and reproductive leaves to account for intra-individual variability (Herrera, 2017) and because previous studies detected differences in functional traits between the two types of leaves (anthocyanin, Murray and Hackett, 1991). Therefore, we took 12 measures per individual (6 traits per leaf × 2 types of leaves per individual).

We also analyzed several reproductive traits including fruit fresh mass, fruit dry mass, fruit dry matter content, seed dry mass, number of seeds per fruit, total seed dry mass per fruit, and pulp dry matter content. In ivies, the dispersal unit is a fleshy fruit that is composed of the pulp and several seeds. The traits related to fruit and pulp size and biomass are linked to higher efficiency of animal-mediated dispersal, as larger fruits provide a higher reward (Edwards, 2005). Meanwhile, the traits related to seed mass and size are mostly linked to the resources invested by the plant to ensure seedling survival (Pérez-Harguindeguy et al., 2013). Since each component of the fruit can be decoupled (Wheelwright, 1993) and thus evolve independently, we decided to measure them separately.

Sampling, storing and measurement of traits were done following Pérez-Harguindeguy et al. (2013). Mass measurements are provided in grams and area in mm2. For fresh weight measuring, all samples were stored at 4°C in zipped plastic bags with moist paper for the 24 h following field collection to ensure samples were at full turgor. Leaf area and leaf dry mass were measured on pressed leaves after oven-drying samples for 48 h at 70°C. Scaled pictures of leaves were taken, and leaf area was calculated with Fiji software (Schindelin et al., 2012). Images were converted to 32-bit RGB and to a three-slice stack (blue, green, red), and blue images were kept because they provided the highest contrast. SLA was calculated as the ratio of leaf area to leaf dry mass (mm2/g). LDMC was computed as the ratio of leaf dry mass to leaf fresh mass. Leaf thickness was measured as leaf fresh mass divided by leaf area. Fruit dry mass was computed after oven-drying the samples for 48 h at 70°C. Seeds were extracted from dry fruits, the number of seeds per fruit were counted, and seeds were weighed. Total dry seed mass was calculated per fruit as the sum of the dry mass of all seeds. Fruit dry matter content was estimated as the ratio of fruit dry mass to fruit fresh mass. The pulp dry matter content was computed as the difference between fruit dry mass and total seed dry mass.

We conducted two types of analyses to explore the relationships between traits and the differences between species. First, we evaluated correlations among the 19 measures (6 vegetative traits × 2 types of leaves plus 7 reproductive traits) according to the Pearson correlation coefficient using the “cor” function in the R base package, and summarized the results in a correlation plot using the “chart.Correlation” function in the PerformanceAnalytics package (Supplementary Figure 1; Peterson and Carl, 2020). Second, we compared the differences between species for each trait individually, as the main aim was to have an in-depth characterization of traits changes. Since each trait reflects a different facet of the species ecological behavior (Lavorel and Garnier, 2002; Violle et al., 2007), the analysis of traits individually allows, for example, disentangling whether species that differ in leaf size also differ in other traits such as SLA or LDMC. This, in turn, is key for a nuanced interpretation of the significance of the traits. Indeed, trait-by-trait analysis is a recommended practice because it provides specific information on trait responses that can be difficult to identify when traits are aggregated (Backhaus et al., 2021). Since our trait measures had a nested design (several individuals were measured in each population), we first assessed whether it was justified to apply a mixed model with the population variable as a random factor. To do so, we compared models using each trait as response variable and species as main factor with and without population random factor (Zuur et al., 2008). Diagnostic plots were inspected to check normality and homoscedasticity (Supplementary Figure 2). Since the models under comparison are not nested (they do not have the same structure) we used “gls” for the linear model, “lme” for the mixed model, and restricted maximum likelihood to fit them. We then compared them with the “anova” function (Zuur et al., 2008). The models including the random factor were significantly better than the linear ones in all cases. Therefore, we fitted mixed models including the traits as response variables, species as a factor and populations as random factors using the “lmer” function in the lme4 package (Bates et al., 2015). When the species effect was significant, we further compared between species using the function “emmeans” in the package lsmeans (Lenth, 2016). Data were summarized in the form of violin plots using the function “geom_violin” in the ggplot2 package (Wickham, 2016).




Results


Genotyping-by-sequencing data assembly

Illumina sequencing yielded 514,582,774 paired-end raw reads with a length of 101 bp. The GC content was 41.83% and the percentage of bases with a quality score of Q20 was 96.62%. Numbers of filtered loci, sites (bp), SNPs, phylogenetically informative sites (PISs), and percentages of missing data varied with assembly parameters and kept individuals, as summarized in Supplementary Table 3. The dataset selected for extensive analysis (c80m15p6r3) had 10,799 filtered loci, 913,235 bp, 53,123 SNPs, 30,793 PIS, and 42.4% of missing data. In general, a higher number of loci were recovered for the most recent samples. GBS data are available in the Sequence Read Archive (NCBI) under BioProject ID PRJNA842926.



Phylogenetic inference

Results from maximum likelihood and BI analyses of the c80m15p6r3 dataset were congruent and revealed two well supported main clades, one including most of the samples of H. helix (which was used to root the tree) and the other including the three species of the western polyploid clade plus one population of H. helix from northern Spain (100% ML-BS, 1 PP; Figure 2). Within the western polyploid clade, three samples of H. hibernica appeared in an early-diverging position together with the H. helix population. The remaining samples of H. hibernica were clustered with all samples of H. iberica and H. maderensis in a strongly supported clade (96% ML-BS, 1 PP). Within this clade, samples of H. hibernica formed a large basal grade with poorly supported relationships, whereas all samples of H. iberica and H. maderensis constituted a well-supported clade (99% ML-BS, 1 PP). Hedera maderensis appeared embedded within this clade as sister to the Arrabida population of H. iberica (77% ML-BS, 1 PP; Figure 2). Both the ML and BI phylogenies supported a strong population and geographical structure in H. iberica with diverging lineages corresponding to different populations located in distant geographical areas. Villuercas, the most northern and inland population of H. iberica, was the earliest diverging population (100% ML-BS, 1 PP; Figure 2). Fuenteheridos, the second most inland population of H. iberica, was also the second diverging population (100% BS, 1 PP; Figure 2). The next diverging clade included the two populations of H. iberica from Alcornocales and Monchique, both located along the southwestern Iberian coast (100% BS, 1 PP; Figure 2). The latter clade was sister to another clade including the Arrabida population (located on the western Iberian coastline) as sister to H. maderensis (Figure 2). Fully congruent population-level relationships within the H. iberica/H. maderensis clade were recovered by the coalescent-based SVDquartets analysis, with BS values ranging from 86 to 100% (Supplementary Figure 3). The same relationships were supported by most ML analyses using other datasets, but these had generally lower support values (Supplementary Figure 4).



Population genetic structure

The first three components of the genetic PCA (Supplementary Figure 5A) accounted for 72% of the variability. Four clusters were identified, corresponding to species delimitation. The H. maderensis cluster was clearly isolated, while the other three clusters overlapped to some extent. In particular, the H. hibernica cluster was placed in an intermediate position between H. helix and H. iberica, and overlapped with these two species. The narrowest multivariate space of the genetic PCA was occupied by H. helix, followed by H. hibernica, H. maderensis and H. iberica. In the taxonomically unconstrained BAPS analysis with K = 3, one cluster included all individuals of H. helix and H. hibernica as well as the two inland populations of H. iberica (Villuercas and Fuenteheridos), another cluster contained H. iberica individuals from the three populations closest to the coast, and the third cluster included all the individuals of H. maderensis. In the taxonomically constrained BAPS analysis with K = 4, the four genetic groups matched species delimitation, with some significant admixture suggested, including admixture from H. hibernica into the Villuercas population of H. iberica (Supplementary Figure 5B).



Climatic niche

The first two principal components of the climatic PCA accounted for 77.05% of the observed variance (Figure 3). The first axis mostly accounts for temperature variables (bio09: mean temperature of the driest quarter; bio10: mean temperature of the warmest quarter; and bio11: mean temperature of the coldest quarter), precipitation during the warmest quarter (bio18) and precipitation seasonality (bio15). This axis runs from warm places with high isothermality and dry summers to cold places with low isothermality and rainy summers (right to left axis 1, Figure 3A). As a result, the first dimension discriminates the three species of the western polyploid clade (Supplementary Figure 6A). The second axis mostly accounts for annual temperature range (bio07), precipitation of wettest quarter (bio16) and mean temperature of wettest quarter (bio08). This axis runs from places with low annual temperature contrast, rainy and warm wettest season to places with high annual temperature contrast, and dry and cold wettest season (up to down axis 2, Figure 3A). The climatic niches of the study species mostly occur along the upper half of this axis (positive values of axis 2; Figure 3A). This second dimension discriminates H. maderensis from H. iberica, with the former displaying high values while the latter concentrates on lower values (Supplementary Figure 6B). In all cases, except for H. maderensis, species density plots show more than one peak (Figure 3A). Hedera helix and H. hibernica are the species with the broadest niches followed by H. iberica and H. maderensis. The niche of H. helix occupies the central part of the multivariate space and comprises a broad range of environmental conditions, including cold areas with low isothermality and rainy summers (left density peak) and warm areas with high isothermality and dry summers (right density peak). The niche of H. hibernica does not include the coldest areas occupied by H. helix, but also occurs in contrasting environments including areas with low annual temperature contrast and a relatively cold and rainy wettest season (upper density peak) and areas with higher contrast in annual temperature and with a warmer and drier wettest season (lower density peak). The climatic niche of H. iberica includes three density peaks, representing the warmest environments occupied by ivies in Europe and spreading across a gradient from low annual temperature contrast and relatively mild and rainy wettest season (upper density peak; Alcornocales, Monchique and Arrabida, see map in Figure 2) to more contrast in annual temperature with warm and dry wettest season (lower density peak; Fuenteheridos, see map in Figure 2). The niche of H. maderensis exhibits a single density peak placed at one extreme of the European climatic space of ivies, specifically in warm areas with a rainy wettest season and high isothermality (upper right part). The analysis of climatic niche overlap (Table 1) reveals a certain degree of overlap for all species pair comparisons, with the lowest value detected between H. hibernica and H. maderensis (D = 0.037) and the highest value between H. iberica and H. maderensis (D = 0.198). The climatic niches of the species are not equivalent (Table 1). Climatic niche similarity is detected between H. maderensis and the other two species of the western polyploid clade (Table 1).
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FIGURE 3
Climatic niche ordination analysis. (A) Climatic niche space of the three species of the western polyploidy clade of Hedera (H. hibernica, H. iberica, H. maderensis) and H. helix as inferred from their entire geographical ranges. The colors of the density envelopes correspond to species, with shading intensity indicating the density based on point occurrences. The solid black line delimits the multivariate space corresponding to the 100% of the available environment for all the species, and the dotted line contains the 95% of the available environment. (B) Climatic space occupied by the geographical lineages of H. iberica according to the GBS phylogeny (Figure 2). Contributions of the original WorldClim variables are provided: bio03, isothermality; bio07, temperature annual range; bio08, mean temperature of wettest quarter; bio09, mean temperature of driest quarter; bio10, mean temperature of warmest quarter; bio11, mean temperature of coldest quarter; bio15, precipitation seasonality; bio16, precipitation of wettest quarter; bio18, precipitation of warmest quarter. HEL, Hedera helix; HIB, Hedera hibernica; IBE, Hedera iberica; MAD, Hedera maderensis.



TABLE 1    Pairwise climatic niche overlap statistics of the western polyploid clade of Hedera.
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Functional traits

Significant differences were detected in 14 of the 19 measures analyzed when comparing the functional traits of the three species of the western polyploid clade, whereas only six traits showed significant differences between H. iberica and H. maderensis (Figure 4 and Supplementary Figure 7). On the one hand, H. hibernica has greater pulp dry matter content than the other two species (Figure 4B) and bigger seeds than H. maderensis (Figure 4C). However, no difference was detected for the remaining fruit traits (Figures 4A,D and Supplementary Figures 7A–C). Also, the leaves of H. hibernica (reproductive and vegetative) are smaller in size (lower values of leaf area and leaf dry mass; Figures 4H,L and Supplementary Figures 7E,G, respectively), denser (higher values of LDMC, Figures 4E,I) and thicker (higher values of leaf thickness, Figures 4G,K) than those of H. iberica and H. maderensis. On the other hand, H. iberica and H. maderensis are similar in reproductive traits (Figures 4A–D and Supplementary Figures 7A–C). As for the leaves, H. maderensis displays smaller leaves than H. iberica (leaf area, leaf dry mass and leaf fresh mass, Figure 4H and Supplementary Figures 7D–G) while no difference was detected for SLA, leaf thickness or LDMC (Figures 4E–G,J,K).
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FIGURE 4
Fruit (A-D), vegetative leaf (E-H), and reproductive leaf (I-L) functional trait differences among the species of the western polyploid clade of Hedera: H. hibernica (HIB), H. iberica (IBE), and H. maderensis (MAD). The crossbar within the boxplot shows the median, and the length of the box indicates the interquartile range. Shape of the violin plot reflects the kernel density plot of data. Level of significance is shown. ***p ≤ 0.001, **p ≤ 0.01, *p ≤ 0.05, nsp > 0.05. Marginal significance is indicated with the corresponding p-value.





Discussion


Budding speciation in the western polyploid clade of Hedera

The application of the GBS technique has helped elucidate species-level phylogenetic relationships within the western polyploid clade of Hedera and has fully resolved population-level relationships in the H. iberica/H. maderensis clade. Indeed, our results clarify the evolutionary history of the group by revealing a nested phylogenetic pattern of speciation in which monophyly is only recovered for one of the three species of the clade (H. maderensis). The progenitor-derivative species relationship typical of nested speciation (Crawford, 2010) was robustly supported for H. iberica and H. maderensis (Figure 2). Specifically, the monophyletic H. maderensis is embedded within H. iberica, thus making the latter species paraphyletic. This result is robust to different combinations of assembly parameters in spite of uncertainties introduced by the multiple ploidy levels present in the dataset (see Supplementary Figure 4). Although reciprocal monophyly is not observed for H. iberica and H. maderensis, the two species are clearly distinct in macro- and micromorphological characters (Ackerfield and Wen, 2003; Valcárcel and Vargas, 2010), and they are also distinct genetically (Supplementary Figure 5). The lack of reciprocal monophyly can therefore be attributed to a case of budding speciation.

This type of speciation was originally proposed by Mayr (1954) as “peripatric speciation” to describe the differentiation of a new species (budded species) from a small new population that achieves reproductive isolation after dispersal from a widespread parental species. This concept essentially describes an evolutionary process in which a new species is originated through evolutionary change without the extinction of the parental species (“budding,” Mayr and Bock, 2002). In the short term, this results in a progenitor-derivative species pair scheme rather than a true sister relationship (Crawford, 2010). In fact, monophyly is not expected for the parental species soon after the speciation event because lineage sorting is not likely to be completed (Neigel and Avise, 1986), while monophyly is expected for the budded species early in its evolution because few individuals are involved in the origin, and evolutionary change is accelerated via founder effect and genetic drift (Rieseberg and Brouillet, 1994). In our study case, it is probable that the recovery of paraphyly for the parental species (H. iberica) is due to its relatively large and patchy range (68 km2 of area of occupancy vs. 139.708 km2 of extent of occurrence; M. Coca-de-la-Iglesia, UAM, Madrid, Spain, unpubl. res.) rather than a mere lack of time to coalesce, given that a middle Pliocene divergence time has been estimated for the western polyploid clade (Valcárcel et al., 2017). Indeed, strong geographical structure is detected in H. iberica, with diverging lineages matching populations located in distant geographical areas (Figure 2). In such cases of high levels of geographic differentiation, achieving complete lineage sorting for a majority of the genome (thus leading to monophyly in phylogenomic analyses) may be impeded even over long periods of time (Rieseberg and Brouillet, 1994; Funk and Omland, 2003). Interestingly, the area of occupancy of H. iberica is twice the area of H. maderensis (68 vs. 28 km2, M. Coca-de-la-Iglesia, UAM, Madrid, Spain, unpubl. res.), which is consistent with predictions of budding speciation in which an asymmetry in the ranges is expected, with widespread parental vs. restricted budded species (Barraclough and Vogler, 2000; Fitzpatrick and Turelli, 2006; Anacker and Strauss, 2014). Also, the climatic space occupied by H. maderensis is almost three times smaller than that of H. iberica and overlaps with one of its extremes (Table 1 and Figure 3A). This parallelism in the geographical range and niche breadth asymmetries is also typical of budding speciation (Grossenbacher et al., 2014) due to the positive correlation between the extent of geographical range and realized niche breadth (Slatyer et al., 2013).

In the past, budding speciation was considered a rather unusual speciation model. As molecular phylogenies have become routine in systematic studies, evidence of budding speciation has greatly increased and this phenomenon is now accepted as a common evolutionary scenario for plant speciation (Gottlieb, 2004; Crawford, 2010; Hörandl and Stuessy, 2010). However, the frequency of this mode of speciation is unevenly distributed across phylogeny and geography (Grossenbacher et al., 2014). For example, organisms with dispersal limitations or strong local adaptation are more prone to speciate following a budding-off pattern (i.e., Mimulus, Grossenbacher et al., 2014). In the same way, regions with heterogeneous landscape and complex geology may concentrate cases of budding speciation because isolation and local adaptation are facilitated (i.e., California Floristic Province, Anacker and Strauss, 2014). Similarly, oceanic islands like Madeira may favor budding speciation (Vanderpoorten and Long, 2006).

Our results also suggest that the H. iberica/H. maderensis clade may have evolved as another progenitor-derivative case from H. hibernica, but this remains an open question. This is partly due to the poor internal resolution of H. hibernica (Figure 2), but also to the potential introgression with H. helix and with inland populations of H. iberica, which show different degrees of genetic similarity with H. hibernica in taxonomically constrained and unconstrained BAPS analyses (see Supplementary Figure 5B). This introgression may have obscured to some degree phylogenetic patterns in the western polyploid clade. A more comprehensive and targeted sampling of H. helix and H. hibernica is needed to evaluate the extent and timing of the introgression and further clarify the patterns of speciation and population differentiation within the western polyploid clade of Hedera.



Adaptive island colonization and non-adaptive in situ evolution of Hedera maderensis

Most studies of adaptive pressures on oceanic islands have focused on the effects of ecology on in situ evolution and its relevance as a driver of speciation (Emerson, 2002), while its effects during the preliminary steps of the colonization process have received comparatively little attention (Patiño et al., 2017). Besides, our knowledge on adaptive pressures is biased toward radiating lineages (Losos and Ricklefs, 2009) while we know little about the in situ speciation processes of non-radiating insular lineages (Patiño et al., 2017). In this study, we provide insights into the impact of ecological drivers on the colonization and speciation processes of the single-species endemic H. maderensis. To do so, we have combined information from phylogenetic relationships and environmental niches of H. maderensis and closely related species together with a set of reproductive and vegetative traits that are known to reflect responses to environmental factors. Although experimental approaches would be needed to confirm the adaptive signal herein observed, our procedure provides robust evidence to propose a fundamental role of ecological processes in the successful colonization of Madeira by ivies.

Regarding the dispersal step in the colonization of the island, monophyly of H. maderensis supports a single successful event of dispersal from the continent, and the close relationship between H. maderensis and the coastal population of H. iberica in Arrabida (Central Portugal) suggests an origin of dispersal in that geographic region. This route involves traveling c. 1,000 km over the Atlantic Ocean. Although no dispersal study has been conducted on any of the three species of the western polyploid clade, several non-specialized animals have been reported as effective dispersers of ivy fruits, putatively those of H. helix (Silvia atricapilla, Erithacus rubecula, Garrulus glandarius, Sturnus vulgaris, Turdus iliacus, Turdus merula, T. philomelos, T. pilaris, T. viscivurus; Guitián, 1987; Heleno et al., 2011; Columba palumbus; Ridley, 1930, Hugh A. McAllister pers. obs.; Dendrocopos medius, Passinelli, 2003). Among them, T. merula followed by E. rubecula are the most frequent feeding visitors of H. cf. helix in NW Spain, both displaying high percentage of ivy seeds in their feces (85.7 and 66.6%, respectively; Guitián, 1987). Turdus viscivorus and S. atricapilla also displayed high percentage of fecal ivy seeds (50 and 42.8%, respectively; Guitián, 1987). Turdus merula and S. atricapilla have also been reported as feeding on H. azorica individuals in Azores (Heleno et al., 2011). Given the great similarity of fruits among ivy species (Valcárcel and Vargas, 2010), similar results would be expected for our study group as well. Assuming this endozoochorous dispersal, relatively big fleshy fruits would be expected because large birds select larger fruits (Jordano, 2000), keep seeds in their guts for a longer time (Herrera, 1984; Fukui, 1996) and tend to travel longer distances (Jordano et al., 2007). Such disperser-mediated selection is not statistically supported in our study because the overall fruit mass is similar among the three species (Figure 4A). However, changes in fruit size and in the relative allocation of fruit components can be decoupled (Wheelwright, 1993). This is the case of the western polyploid clade of Hedera, where fruits with similar mass display significant differences in pulp and seed mass (Figures 4B–D). Relative allocation of fruit components has a major impact on the species fitness through dispersal efficiency and offspring survival (Edwards, 2005). For example, fruits with higher pulp content provide more energetic reward and thus tend to show greater dispersal efficiency (i.e., Wheelwright, 1993), and higher seed mass tends to increase chances of seedling survival (Leishman et al., 2000). In our study case, H. maderensis and H. iberica have the less pulpy fruits (Figures 4B,D) and H. maderensis the seeds with the least mass (Figure 4C), a pattern opposite to that expected under disperser-mediated selection. However, the selective force of dispersers can be modulated or even erased through opposed post-dispersal pressures on seeds (Alcántara and Rey, 2003; Gómez, 2004; Martínez et al., 2007). For example, smaller fruits may result in increased chances of effective dispersal if they carry small seeds that are less affected by predatory pressures (Alcántara and Rey, 2003; Gómez, 2004). We hypothesize that the decreasing pattern of pulpiness and seed size in the western polyploid clade toward H. maderensis is the result of a trade-off between biotic pressures before and after dispersal with impact on the successful colonization of the island.

Our findings also show that H. maderensis represents the last step of gradual climatic niche differentiation in H. iberica that brought about the pre-adaptations needed for the colonization of Madeira. Upon arrival in Madeira, these pre-adaptations and the climatic similarity between mainland and island localities contributed to population establishment, followed by speciation without further in situ diversification. The Madeiran ivy occupies a narrow climatic niche restricted to the wettest and least continental areas of the climatic space of H. iberica (Figure 3A). Rather than displaying a monotonic space, the niche of H. iberica shows three density peaks (Figure 3A). Interestingly, these three peaks mimic the geographic pattern observed in the phylogenetic tree (Figure 2). Indeed, the early-diverging populations in the phylogenetic tree (Villuercas and Fuenteheridos) are located far away from the coast (Figure 2) and occupy the coldest and most continental areas within the climatic preferences of H. iberica (Figure 3B), whereas later-diverging populations (Monchique, Alcornocales, and Arrabida) occur close to the coast (Figure 2) and occupy the warmest and least continental areas within the species preferences (Figure 3B). The latter three populations, among which the sister lineage to H. maderensis is included (Arrabida), occupy the warmest and most oceanic part of the climatic niche of H. iberica, overlapping with the niche of H. maderensis (Figure 3A). This climatic gradient in H. iberica and H. maderensis is part of a broader evolutionary pattern in the western polyploid clade starting from the putatively ancestral cold environments occupied by H. hibernica and leading to the colonization of progressively warmer areas. Plant lineages displaying evolutionary patterns of gradual climatic niche change congruent with spatially structured phylogenetic divergence and budding speciation could be more common than previously thought (i.e., Otero et al., 2022) but they have rarely been reported for Macaronesia mostly because they have not been explicitly tested.

The geographically structured variation in climatic preferences of the western polyploid clade coupled with a geographically structured phylogenetic pattern is also accompanied by a congruent pattern of divergence in functional traits. Functional divergence associated with climate has been well documented for plant radiations on oceanic islands (Aeonium, Jorgensen and Olesen, 2001; Sonchus alliance, Santiago and Kim, 2009; Hawaiian lobeliads, Givnish et al., 2009), while examples focused on non-radiating lineages like the Madeiran ivy are more limited (but see Periploca and Kleinia, García-Verdugo et al., 2019, García−Verdugo et al., 2020). In our case study, H. hibernica displays small leaves with low SLA and high LDMC and thickness (Figures 4E–L and Supplementary Figure 7), which is related to high investment in the structural component of leaves and indicates that the species has more “conservative” leaves (i.e., more stress tolerant, Díaz et al., 2016). In contrast, H. iberica and H. maderensis have more “acquisitive” leaves, that is, relatively big leaves with high SLA and low LDMC and thickness (Figures 4E–L and Supplementary Figure 7). These acquisitive leaves are cheap in terms of economic investment and have higher productivity and shorter lifespans (Díaz et al., 2016) which are typical of the mild climatic conditions with low abiotic stress occupied by the species. Altogether, these results point to divergent selection across habitats (Anacker and Strauss, 2014) as a determinant process in the evolution of the mainland lineages of the western polyploid clade resulting in a transition from more “conservative” to more “acquisitive” leaves (Figures 4E–L). However, the directionality of the mainland functional divergence is broken upon the establishment in the more oceanic conditions of Madeira. Indeed, the leaves of the island lineage (H. maderensis) are smaller in size than those of its mainland parental species (H. iberica, Figures 4H,L) which challenges the expected increase in leaf size from mainland to island species (García-Verdugo et al., 2010, 2019; Burns et al., 2012). These results cannot be attributed to a sampling bias in terms of altitudinal ranges or exposure to sunlight, since all sampled individuals of both H. iberica and H. maderensis were collected between sea level and 950 m in forested areas under similar sunlight conditions (the only exception was one population of H. maderensis in the western side of Madeira where individuals were highly exposed). Also, contrary to expectations that predict an increase in leaf traits related to higher productivity in island taxa due to the more oceanic conditions (García-Verdugo et al., 2010), the leaf economic spectrum (SLA, LDMC, and thickness) of H. iberica and H. maderensis does not show significant differences. Yet, this result is not surprising because the oceanic climatic niche of H. maderensis is embedded within that of H. iberica (Figure 3A). This suggests that the mainland populations were well adapted to the conditions found in Madeira prior to the migration event, and points to niche pre-adaptation that facilitated establishment after dispersal, and therefore the success of island colonization. Furthermore, the fact that the smaller leaves of H. maderensis display an economic spectrum similar to that of H. iberica points to a proportional reduction of the investment in structural tissues (leaf density and thickness) in H. maderensis (Figures 4G,K) to compensate the reduction in size and keep the photosynthesis and growth efficiency under the Madeiran climate.

Finally, the prior acquisition of adaptations to mild climates in the mainland populations and other in situ ecological constraints marked the evolutionary path of the lineage once on the island. Indeed, speciation of H. maderensis with respect to the parental H. iberica was probably driven by geographic isolation between island and mainland populations, while the leaf economic spectrum remained unchanged (Figure 4) likely because of the climatic similarity between the source population in coastal Iberia and Madeira. This lack of difference in the leaf economic spectrum is striking because there are major morphological differences between the two species in other features that are less affected by selective pressures, such as the morphology of leaves from the vegetative phase or the shape of their lobes (Ackerfield and Wen, 2003; Valcárcel and Vargas, 2010). The fact that no further in situ diversification has occurred in Madeira is intriguing, since dispersal limitations seem to boost local adaptation for fleshy fruit plants in tropical forests (Givnish et al., 2009). However, the lack of diversification in Madeira is not an isolated case in Hedera, since the other two Macaronesian ivy lineages are single-species endemics as well (H. canariensis and H. azorica). Interestingly, it has been shown that the Macaronesian laurel forest (where ivy species occur) is the ecosystem of this biogeographic region with the highest proportion of single-species endemics in seed plants and bryophytes (Patiño et al., 2014). In fact, there are several other single-species endemics or species-poor lineages in the woody plant biota of the Macaronesian laurel forest (Bramwell and Bramwell, 2001; Sequeira et al., 2011). This suggests some sort of ecological constraint that limits the opportunities for lineage diversification in this habitat. Indeed, the species saturation and long-term stability typical of the laurel forests have been used as a likely explanation for this pattern (Patiño et al., 2014). Since all the Macaronesian ivies are single-species endemics that occur in the laurel forest, we wonder if the predominant role of ecology in the evolution of H. maderensis detected here (first as an intrinsic driving force facilitating island colonization through pre-adaptation and later as an extrinsic constraint putatively limiting further in situ diversification) may be extended to the other Macaronesian ivy species.

Our preliminary expectations were that H. maderensis and H. iberica display similar climatic preferences and ecological responses and so we hypothesized that ecological processes had little impact on speciation of H. maderensis. However, our results indicate that ecology was key to the colonization of Madeira, and while almost irrelevant during the speciation process it may have been relevant in the lack of further in situ diversification of the lineage. To our knowledge, this is the first evidence that explicitly supports mainland pre-adaptation in a Macaronesian plant lineage, which is not totally surprising given that most of the populations of H. iberica occur in mainland Iberian locations that have been frequently considered climatically and floristically related to Macaronesia (Rutherford, 1989; Costa et al., 1997; Calleja et al., 2009). This mainland pre-adaptation contrasts with previous findings that show phenotypic divergence between sister plant lineages in Macaronesian islands and the mainland suggesting adaptive pressures for in situ evolution (García-Verdugo et al., 2019, García−Verdugo et al., 2020). A fruitful future research direction can emerge from examining the prevalence of this evolutionary pattern in single-species island endemics, and particularly in Macaronesian ivies.
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