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Abstract

Background
Spatial phylogenetics has emerged as a powerful tool to identify evolutionarily important areas for biodiversity conservation through mapping of
phylogenetic diversity and endemism, including centers of neoendemism and paleoendemism. Although Europe is not generally regarded as a major center
of plant diversity, recent global spatial phylogenetic studies have identified the Iberian Peninsula, in southwestern Europe, as a center of plant phylogenetic
endemism at the global scale. Here we conducted a fine-scale spatial phylogenetic analysis of the angiosperm flora of the Iberian Peninsula and the Balearic
Islands, which comprises c. 5,500 native species, more than 1,200 of which are strictly endemic. To this end, we combined a comprehensive distribution
database with the most exhaustive megaphylogeny published to date, comprising 53% of the species. Phylogenetic diversity and endemism metrics were
calculated, and Categorical Analysis of Neo- And Paleo-Endemism (CANAPE) was conducted, followed by an evaluation of the use of phylogenetic
imputation to incorporate unplaced taxa. Abiotic factors potentially driving spatial phylogenetic patterns were tested.

Results
The distribution of phylogenetic diversity in Iberian angiosperms shows higher values in the Eurosiberian than in the Mediterranean floristic region. CANAPE
revealed centers of endemism in mountain ranges (particularly the Baetic System, the Pyrenees, and the Cantabrian Mountains), the Balearic Islands, the
semi-arid southeast of the Iberian Peninsula, and some coastal areas. Centers dominated by neoendemism are concentrated in areas combining recent
geographic isolation, mediterranean-type climate, and diverse edaphically stressful substrates (calcareous, dolomitic, ultramafic, gypsic), whereas centers
dominated by paleoendemism are more scattered and occur under a wider range of abiotic conditions. Superendemism centers occur in the highest
mountain ranges (Sierra Nevada and the Pyrenees), the Balearic Islands, and the semi-arid southeast, functioning both as centers of recent speciation and as
refugia for phylogenetically isolated lineages. Phylogenetic imputation proved useful in uncovering biologically meaningful spatial phylogenetic patterns that
would otherwise remain undetected.

Conclusions
The Iberian Peninsula is a globally relevant center of endemism. Geographic patterns of phylogenetic diversity and endemism reveal evolutionary and
biogeographic processes shaping plant assemblages in the western Mediterranean biodiversity hotspot, while providing a robust framework for informing
future conservation strategies.

1. Introduction
The increase in biodiversity loss in recent decades has been well documented in the literature and demands prompt action (e.g., [1, 2]), but the limited
resources available for conservation require prioritization [3]. Strategies for selection of protected areas have been traditionally focused on measurements of
species richness [4], which do not account for evolutionary processes. Species equally contribute to them regardless of their evolutionary history, even
though not all species have the same conservation value from an evolutionary perspective [5, 6]. The field of spatial phylogenetics addresses this limitation
by quantifying and mapping biological diversity in an evolutionary framework. The first metric to incorporate evolutionary information from phylogenetic trees
was phylogenetic diversity (PD) [7], which quantifies the diversity represented by a set of taxa in a location by adding up the phylogenetic branch lengths that
connect them. This was followed by the development of phylogenetic endemism (PE) [8], a modification of PD to which range-restricted branches contribute
more than widespread ones. Note that there are two distinct meanings of "endemism" – PE is concerned with relative endemism, a continuous value inversely
related to the range size of a species or lineage, as compared to the more traditional absolute endemism, a binary value indicating whether or not a species or
lineage is completely restricted to some defined geographic region [9]. We mostly use the former meaning in this paper, and specify absolute (or strict)
endemism when we use that meaning.

The early stages of spatial phylogenetics ran into technical drawbacks that limited its progress [10]. A breakthrough in the field was the addition of a
statistical framework and the development of Categorical Analysis of Neo- And Paleo-Endemism (CANAPE) by Mishler et al. [11], which enables the
identification of key areas for biodiversity conservation based on their distinct evolutionary histories. These include areas of neoendemism, characterized by
the accumulation of range-restricted short branches and typically indicating recent in-situ diversification; areas of paleoendemism, characterized by the
accumulation of range-restricted long branches and potentially representing refugia for lineages that have experienced high extinction; and areas of mixed or
superendemism, which accumulate range-restricted branches without a predominance of short or long branches. The concepts of neoendemism and
paleoendemism are rooted in classical plant biogeography works [9, 12, 13], but spatial phylogenetics places them within a robust statistical and
phylogenetic framework. In the last decade, numerous studies around the world have shown how CANAPE and other spatial phylogenetics methods can be
applied to detect critical areas for conservation of evolutionary history (e.g., [14–16]). This progress has been fostered by the growing availability of
biodiversity data from global repositories [10], including species occurrence records (primarily from the Global Biodiversity Information Facility; GBIF) and
DNA sequences (primarily from GenBank), the latter of which have enabled the development of deeply sampled megaphylogenies (e.g., the megaphylogeny
of seed plants [17]).

The European continent is not usually thought of as a key area for vascular plant diversity at the global scale, given its relatively low species richness
compared with tropical and subtropical regions [18] (but see [19]). However, the southern European peninsulas are part of the Mediterranean Basin, one of
the world’s major biodiversity hotspots, where a remarkable concentration of strictly endemic species is undergoing exceptional loss of habitat [20]. In
particular, multiple global spatial phylogenetic analyses of vascular plants coincide in highlighting the Iberian Peninsula, in southwestern Europe, as an
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endemism center of global relevance [21–23]. Specifically, the global species-level analysis of seed plants by Cai et al. [21] robustly identified mainland
Spain, which comprises most of the Iberian Peninsula, as a center of neoendemism. In contrast, the global genus-level analysis of angiosperms by Qian et al.
[23] and the species-level analysis of ferns by Qian et al. [22] recovered the same area as a center of paleoendemism. Finer-scale spatial phylogenetic
analyses of the Iberian vascular flora would greatly contribute to understanding the status of this region as an endemism center at the global scale.

The Iberian Peninsula is among the most important regions for the European vascular flora, harboring over 5,500 native species [24, 25], which represent
about 54% of European species [26]. Remarkably, this includes 27 genera and more than 1,200 species that are endemic in the absolute sense. The Iberian
Peninsula comprises several glacial refugia for plant diversity [27, 28] and represents an important portion of the Mediterranean Basin biodiversity hotspot
[20]. The diversity and singularity of the Iberian flora have usually been interpreted as the result of multiple interacting factors. These include the high
environmental heterogeneity of the Iberian Peninsula (climate, soil, topography), together with its location between Africa and the rest of Europe, and a
complex geological and climatic history since the Miocene [29, 30]. This history comprises major events such as the Messinian salinity crisis in the late
Miocene, the establishment of a mediterranean-type climate across most of the Peninsula in the Pliocene, and the Quaternary climatic cycles [31].

The vascular flora of the Iberian Peninsula is exceptionally well documented, having been studied since the 16th century [26]. A modern, complete flora has
recently been finalized [24] and a comprehensive occurrence database for native species at 10-km resolution is available [25]. Additionally, more than 50% of
native species have been sequenced and are included in megaphylogenies [17, 32], while the remaining ones can be incorporated based on taxonomy using
phylogenetic imputation strategies [33]. Non-phylogenetic geographic patterns of diversity and endemism in the Iberian flora have been extensively studied
using diverse approaches [25, 26, 29, 30, 34–39], but very few studies have incorporated a phylogenetic component. An early spatial phylogenetic study by
Buira et al. [40] analyzed patterns of phylogenetic endemism, but it was based on a phylogenetic tree including only species strictly restricted to Iberia
(absolute endemics) and did not incorporate approaches such as CANAPE. Therefore, the location of centers of plant neoendemism, paleoendemism and
mixed/superendemism in the Iberian Peninsula remains uncertain, limiting the application of evolutionary criteria to area prioritization.

The aim of this study was to investigate spatial phylogenetic patterns for the entire Iberian angiosperm flora (c. 95% of the Iberian vascular flora) and to
relate these patterns to abiotic factors. Specifically, we addressed the following objectives: (i) to infer patterns of phylogenetic diversity and endemism for
native Iberian angiosperms; (ii) to assess the effects of several sources of uncertainty, including the incorporation of species lacking phylogenetic
information through imputation strategies, the exclusion of taxonomically contentious apomictic genera, and the analysis of strictly endemic species rather
than the entire flora; and (iii) to relate spatial phylogenetic patterns to climatic, edaphic and topographic variables. Based on previous studies in the Iberian
Peninsula and elsewhere, we hypothesized that neoendemism patterns in the Iberian vascular flora are associated with a combination of climatic and
edaphic conditions, whereas paleoendemism patterns are primarily associated with climatic conditions [40–42].

2. Materials and methods

2.1. Study region
The Iberian Peninsula comprises continental Portugal and Spain, as well as Andorra and Gibraltar. In addition, our study region includes the Balearic Islands
and several minor offshore archipelagos, all of which are geologically and floristically related to the Iberian Peninsula [26, 43] (Fig. 1). The flora of this entire
region is collectively referred to as the Iberian flora. This territory displays pronounced topographic heterogeneity, ranging from sea level to 3,479 m
(Mulhacén Peak in the Sierra Nevada, Baetic System [44]; Fig. 1). It is crossed by several east-west mountain ranges that may have restricted latitudinal
migration and favored the isolation of lineages during glacial-interglacial periods [30, 45]. In fact, the importance of Iberian mountains for species richness
and endemism has been highlighted by several studies [25, 26, 29, 30]. Most of the Iberian Peninsula belongs to the Mediterranean floristic region [46],
characterized by hot, dry summers and a strongly seasonal precipitation regime [47]. Climate varies across Mediterranean Iberia, with more continental
conditions in the interior plateaus and semi-arid conditions in the southeast. In contrast, the northern and northwestern regions belong to the Eurosiberian
floristic region and display a temperate oceanic climate [46] (Fig. 1). The Iberian Peninsula also exhibits considerable geological and edaphic diversity, which
has influenced plant diversification [40], broadly divided into two main domains: acidic siliceous substrates in the western half, and basic calcareous and
dolomitic substrates in the eastern half. More isolated ultramafic, gypsum, saline, and volcanic substrates further contribute to edaphic and floristic diversity.

2.2. Species list and distribution data
For the native angiosperm flora of the study region, the list of species was retrieved from the AFLIBER database [25], which is largely based on Flora iberica
[24] but incorporates subsequent taxonomic updates. For nomenclatural standardization, we used the names accepted in the World Checklist of Vascular
Plants [48] to harmonize names with those used in the megaphylogeny [17, 32] (see below). A list showing the correspondence between names in the
distribution and phylogenetic datasets (species_dictionary.csv) can be downloaded from the Zenodo repository (https://doi.org/10.5281/zenodo.23045722)
In addition, we merged subspecific taxa into their respective species, resulting in a final dataset of 5,390 angiosperm species belonging to 1,008 genera.
Distribution data were also retrieved from the AFLIBER database, which provides the most up-to-date distribution dataset available for vascular plants of the
study area (available at https://doi.org/10.5061/dryad.gmsbcc2kv; [25]). The database integrates 1.8 million records from numerous sources at a spatial
resolution of 10×10 km and has been validated by taxonomic experts to ensure data quality (see extended methods in [25] for details). The 10-km resolution
was selected to maximize spatial detail after preliminary spatial phylogenetic analyses at 10-, 20- and 50-km resolution revealed consistent patterns. Small
grid cells occurring along the boundaries between UTM zones, with an area smaller than 50 km2, were merged with the nearest complete adjacent grid cell.
After grid-cell merging and subsetting to include only angiosperm taxa, our dataset comprised 1,714,051 occurrences (Table 1), distributed across 6,142 grid
cells, with distribution information available for all species.
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Table 1
Datasets for the angiosperm flora of the Iberian

Peninsula and the Balearic Islands used in
spatial phylogenetic analyses. For each dataset,

the numbers of species and occurrences are
provided.

Dataset Species Occurrences

Comprehensive 5,390 1,714,051

Core 2,858 1,135,570

Apomict-excluded 2,759 1,127,206

Strictly-endemic 449 34,106

2.3. Phylogenetic trees
Spatial phylogenetic analyses require a phylogenetic tree encompassing as many species as possible that occur in the study region and are included in a
spatial dataset. As a comprehensive phylogenetic tree of Iberian angiosperms is not yet available, our study was based on the previously published, time-
calibrated spermatophyte GBOTB megaphylogeny (“GenBank taxa with a backbone provided by Open Tree of Life”) [17, 32]. Therefore, no DNA sequences
were newly generated from wild or cultivated plants for this study, and no collection permits were required. The GBOTB megaphylogeny was first pruned to
include only Iberian angiosperms, resulting in a tree containing 53% of known Iberian native species (2,858) and 75% of native genera (756). Our main
analyses were conducted using this core dataset, containing only species included in the GBOTB megaphylogeny (one phylogenetic tree). The distribution
data (core_distribution.csv) and phylogenetic tree (core_phylogeny.tree) for this dataset can be downloaded from Zenodo. Additionally, we assessed the
impact of different sources of uncertainty in the data using three alternative datasets, including distribution data and phylogenetic trees (Table 1):

1. A comprehensive dataset containing all known Iberian angiosperm species generated using imputation (100 phylogenetic trees). We performed
phylogenetic placement imputation to increase phylogenetic coverage using the R package randtip [33], with the GBOTB megaphylogeny as the
backbone tree. This software inserts phylogenetically unplaced taxa (PUTs, hereafter) into an ultrametric backbone tree based on their taxonomy, and
addresses several drawbacks of previous tools (see [33] for details). Specifically, each PUT was inserted into the backbone tree at a random position
along a branch selected within the clade delimited by taxa belonging to the same genus or, when congeneric taxa are missing, the same family, with the
probability of branch selection being proportional to branch length. For example, the European beech, Fagus sylvatica, which was not included in the
backbone tree, was inserted at a randomly defined position within the clade defined by the other Fagus species present in the backbone tree. Whenever
congeneric taxa of a PUT formed a polyphyletic group, we inserted it into the largest monophyletic cluster of congeneric taxa (i.e., the “largest” option in
the randtip workflow). Additionally, if the congeneric taxa of a PUT formed a paraphyletic group, it was bound while preserving this topology. In this way,
all Iberian angiosperms included in the species list but missing from the GBOTB tree were incorporated. To account for uncertainty arising from random
placement, the randtip procedure was repeated 100 times, yielding a set of 100 trees encompassing the entire Iberian angiosperm flora and capturing
uncertainty in the phylogenetic placement of PUTs. The distribution data (comprehensive_distribution.csv) and phylogenetic trees
(comprehensive_phylogenies.tre) can be downloaded from Zenodo.

2. An apomict-excluded dataset excluding species belonging to apomictic and taxonomically complex genera with large numbers of Iberian endemics (i.e.,
Alchemilla, Hieracium, Limonium, and Taraxacum [29]; restricted to only species included in the GBOTB tree; one phylogenetic tree). This dataset was
designed to assess potential biases associated with highly polymorphic groups in which apomixis (asexual production of seeds), hybridization and
reticulate evolution are common, resulting in numerous microspecies whose taxonomic delimitation and distribution ranges are often uncertain,
following Cai et al. [21]. The distribution data (apomict-excluded_distribution.csv) and phylogenetic tree (apomict-excluded_phylogeny.tre) can be
downloaded from Zenodo.

3. A strictly-endemic dataset comprising only species that are endemic to the Iberian Peninsula in the absolute sense, and which were also included in the
GBOTB tree (one phylogenetic tree). This dataset addressed the issue that some centers of endemism may occur near the boundaries of the study
region, partly due to lineages that are range-restricted within the study region but have wider distribution ranges outside [10]. The distribution data
(strictly-endemic_distribution.csv) and phylogenetic tree (strictly-endemic_phylogeny.tre) can be downloaded from Zenodo.

2.4. Spatial phylogenetic analyses
For each dataset (Table 1) and grid cell, two non-phylogenetic metrics were calculated: species richness (SR) and weighted endemism (WE). Spatial
phylogenetic analyses were conducted using the R package canaper [49] on the high-performance computing cluster at Universidad Autónoma de Madrid
(CCC-UAM). First, observed phylogenetic diversity (PD) and phylogenetic endemism (PE) were calculated and mapped. Then, we calculated significance
levels of PD, PE, relative phylogenetic diversity (RPD) and relative phylogenetic endemism (RPE) based on comparison of observed values against a null
model (curveball, [50]) generated by spatial randomization (999 random communities and 200,000 iterations). According to significance levels, values were
categorized and mapped as significantly high (p > 0.975 and p > 0.99), significantly low (p < 0.025 and p < 0.01), or non-significant. RPD significance reflects
concentrations of short or long branches, while RPE significance reflects concentrations of range-restricted short or long branches. Finally, endemism
categorization was performed using the CANAPE approach [11], which distinguishes four categories of endemism centers: neoendemism, paleoendemism,
mixed endemism and superendemism.

For the comprehensive dataset, non-phylogenetic metrics (SR and WE) were calculated and compared with those obtained from the core dataset based on
absolute difference and percentage similarity values. Spatial phylogenetic analyses were conducted for each of the 100 trees of the comprehensive dataset
generated using randtip to account for uncertainty in the placement of PUTs. Results across the 100 replicates were summarized using different approaches
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depending on the metric. For PD and PE, which are continuous metrics, we calculated the mean, standard deviation, maximum and minimum values for each
grid cell. For the significance levels of PD and RPD, as well as for CANAPE, the percentage of trees yielding each category was calculated for each grid cell.
For CANAPE, superendemism cells were counted among the mixed endemism ones, as they are a subset of them. Significance levels and CANAPE results
across the 100 trees were further summarized using a majority-rule approach, whereby a category was assigned to a grid cell when it was obtained for > 50%
of trees. In the case of CANAPE, for a small number of grid cells the four endemism categories together accounted for > 50% of replicates, but no single
category exceeded 50%. These grid cells were assigned to an additional category, referred to as “undetermined endemism”.

2.5. Abiotic drivers of spatial phylogenetic patterns
To visually explore the relationships between spatial phylogenetic patterns and abiotic variables (climatic, edaphic, and topographic) across the Iberian
Peninsula, we generated scatter plots following Thornhill et al. [51]. We focused on two spatial phylogenetic metrics: RPD, categorized according to its
significance level, and RPE, categorized according to CANAPE results [11]. Both RPD and RPE values were obtained from the core dataset (Table 1). Among
abiotic variables, we selected six that broadly capture the environmental variability of the Iberian Peninsula. These included four climatic variables: mean
annual temperature and annual precipitation as general climatic descriptors; precipitation of the warmest quarter, as summer drought distinguishes
mediterranean-type from oceanic climate [52]; and continentality, which captures the influence of oceanic vs. continental conditions. Data for mean annual
temperature, annual precipitation and precipitation of the warmest quarter were downloaded from CHELSA v1.2 [53], while continentality data were obtained
from ENVIREM [54]. As an edaphic variable, we included data for surface soil pH (0–5 cm) from SoilGrids 2.0 [55], as this variable has previously been
identified as a driver of plant diversification in the Iberian Peninsula [40]. Finally, we included roughness data from EarthEnv [56] to represent topographic
variability. The dataset used for the analyses (abiotic_drivers.csv) can be downloaded from Zenodo.

To statistically test the relationships between endemism categories and abiotic variables, we fitted multinomial logistic regression models using the
‘multinom’ function implemented in the nnet R package [57]. The response variable consisted of the CANAPE categories ("neoendemism", "paleoendemism",
"mixed endemism", and "superendemism"), with non-significant cells used as the reference category. Predictor variables included the six climatic, edaphic
and topographic variables listed above. All predictor variables were standardized (mean = 0, standard deviation = 1) prior to analysis to facilitate comparison
of regression coefficients among predictors. Statistical significance of model coefficients was assessed using Wald z-statistics calculated from the
estimated coefficients and their standard errors, and corresponding two-tailed p-values were obtained assuming a normal distribution. To evaluate the
potential influence of spatial structure on the observed environmental associations, a second model was fitted including longitude and latitude as additional
covariates. Model fit was compared using Akaike’s Information Criterion (AIC).

3. Results

3.1. Spatial phylogenetic patterns
When considering only species included in the GBOTB megaphylogeny (core dataset; see Table 1), SR showed the highest values along the major mountain
ranges of the study region (Cantabrian Mountains, Pyrenees, Central System, and Baetic System) and along the eastern coastline (Figure S1a), where values
were influenced by a higher density of floristic records. WE reached its highest values in the two highest mountain ranges (Sierra Nevada, in the Baetic
System, and the Pyrenees), whereas the remainder of the territory exhibited generally low values (Figure S2a).

Raw PD displayed the highest values along the mountain ranges and eastern coastline, similar to SR patterns (Figure S3a). Significantly high PD values were
predominantly concentrated along the northern coastline of the Eurosiberian floristic region, whereas the remaining territory, including the Mediterranean
floristic region, was dominated by significantly low PD values (Fig. 2a). RPD showed significantly high values, indicating a concentration of long branches,
along the northern and northwestern coastline and in the southern half of the Peninsula, while significantly low values, indicating a concentration of short
branches, were found in the Northern Inner Plateau, the Iberian System, the Ebro Valley, the Guadiana Valley, and the Baetic System (Fig. 2b).

Raw PE showed a very high value in a single grid cell in the Cantabrian Mountains, driven by the presence of Nuphar pumila exclusively in this grid cell. Major
mountain ranges, including the Pyrenees, the Cantabrian Mountains and the Baetic System, also exhibited higher values than the rest of the territory (Figure
S3b).

CANAPE (Fig. 2c) revealed a concentration of centers dominated by neoendemism in the Baetic System and the Balearic Islands. Centers dominated by
paleoendemism were dispersed across the study region, with a slightly higher concentration in the northwestern quarter of the Peninsula, the semi-arid
southeast, the Pyrenees and certain Mediterranean and Atlantic coastal wetlands. Centers of mixed endemism were primarily located along three major
mountain ranges (the Cantabrian Mountains, the Pyrenees, and the Baetic System) as well as in the Balearic Islands, the semi-arid southeast and some
coastal areas (e.g., Doñana and Marismas del Odiel in southwestern Spain). Superendemism was largely restricted to the highest mountains (Sierra Nevada,
in the Baetic System, and the Pyrenees) and to parts of the semi-arid southeast and the Balearic archipelago.

3.2. Effects of phylogenetic imputation
When using the comprehensive dataset, which incorporates the entire known angiosperm flora of the study region (see Table 1), the SR pattern closely
matched that observed for the core dataset (Figure S1). Similarly, WE showed highly consistent patterns between the comprehensive dataset and the core
dataset (Figure S2).

Spatial phylogenetic patterns were similar across the 100 replicates derived from the randtip-generated trees of the comprehensive dataset (Figs. 3, S4-S8).
Furthermore, mean values (PD in Figure S4a; PE in Figure S5a) and majority-rule maps (PD significance in Figure S6f; RPD in Figure S7f; CANAPE in Fig. 4a)
were similar to those obtained from the core dataset (Figs. 2, S3). Nevertheless, some differences were observed between the two datasets. For example, PE
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did not show the extremely high value in a single grid cell of the Cantabrian Mountains (Figure S5), and significantly high values of RPD increased in certain
areas (Figure S7f). Overall, the majority-rule CANAPE result from the comprehensive dataset was largely congruent with that from the core dataset, and the
number of grid cells recovered as undetermined endemism was very small (0.47%). Nevertheless, the significance or endemism category changed for a
subset of grid cells. In particular, a substantial proportion of neo- and paleoendemism grid cells in the core dataset were classified as mixed endemism in the
comprehensive dataset, while some mixed endemism grid cells shifted to superendemism (Fig. 4b, Table S1). Changes included, for example, the recovery of
a neoendemism center in northwestern Spain (central Galicia), an increase in superendemism across the Balearic Islands, a reduction of the paleoendemism
area in the semiarid southeast, and a wider presence of mixed endemism centers in the Southern Inner Plateau (La Mancha) (Fig. 4a).

3.3. Exclusion of apomictic genera
Spatial phylogenetic results obtained using the apomict-excluded dataset (Table 1; Figs. 5a and S9) were very similar to those derived from the core dataset
(Figs. 2, S1a, S2a and S3). Relevant differences in CANAPE results included some shifts from neoendemism to mixed endemism or superendemism in parts
of the Balearic Islands, as well as an expansion of neoendemism in the western Baetic System (Fig. 5a).

3.4. Strictly endemic species only
The strictly-endemic dataset (Table 1) contained a much smaller number of species, which were mainly concentrated in mountain ranges, whereas several
low-altitude grid cells (e.g., in the Northern and Southern Inner Plateaus) showed a complete absence of endemic species (Figure S10a). Raw values of PD
and PE declined, and the number of grid cells with significantly low or high values of PD and RPD was greatly reduced (Figure S10c – f) compared with
results obtained from the core dataset (Figs. 2a – b, S3). Endemism centers were largely restricted to the Balearic Islands, the Pyrenees, and the Baetic
System (Fig. 5b). Relative to the core dataset, endemism centers in the Pyrenees and the Baetic System were reduced and showed a predominance of mixed
endemism. In contrast, patterns in the Balearic Islands were more similar to those derived from the core dataset.

3.5. Relationships with abiotic variables
Scatter plots suggested relationships between RPD and several abiotic variables (Fig. 6a-f). Significantly low RPD values were primarily associated with low
annual precipitation (< 1000 mm; Fig. 6b), low precipitation of the warmest quarter (Fig. 6c), and high continentality (Fig. 6d), whereas significantly high RPD
values occurred across a broader range of these same variables. For RPE and endemism center categorization (Fig. 6g-l), additional patterns were observed.
Neoendemism centers were predominantly associated with low annual precipitation (Fig. 6h), low precipitation of the warmest quarter (Fig. 6i), and high pH
(Fig. 6k), whereas paleoendemism and, particularly, mixed endemism centers spanned a wider range of values for these same variables. Superendemism
centers were mainly associated with intermediate values of continentality (Fig. 6j), but showed bimodal distributions, with concentrations at both low and
high values, for mean annual temperature (Fig. 6g), precipitation of the warmest quarter (Fig. 6i), and roughness (Fig. 6l).

The non-spatial multinomial logistic regression model recovered the following patterns (Table 2): neoendemism was positively associated with pH and
roughness, and negatively with precipitation of the warmest quarter and continentality; paleoendemism was positively associated with mean annual
temperature and roughness, and negatively with continentality; mixed endemism was positively associated with pH and roughness, and negatively with
precipitation of the warmest quarter and continentality; and superendemism was positively associated with pH and roughness, and negatively with mean
annual temperature, annual precipitation and continentality.

Table 2
Relationships between endemism categories for the Iberian angiosperm flora and abiotic variables estimated using multinomial logistic regression models. R
are shown for both a non-spatial and a spatial model, the latter including longitude and latitude as additional covariates. Regression coefficients are presented

the following significance codes for predictor coefficients: * p < 0.05; ** p < 0.01; *** p < 0.001.
Model Endemism

category
(Intercept) Mean

annual
temperature
(°C)

Annual
precipitation
(mm)

Precipitation
of warmest
quarter
(mm)

Continentality
(°C)

pH Roughness Longitude Latit

Non-
spatial

Neoendemism -4.200 -0.153 0.343 -1.327*** -1.173*** 1.303*** 0.972*** – –

Paleoendemism -3.691 0.487*** 0.016 0.114 -0.665*** 0.207 0.244* – –

Mixed
endemism

-2.511 0.060 0.066 -0.392*** -1.284*** 0.936*** 0.733*** – –

Superendemism -5.935 -0.763*** -0.841*** -0.194 -2.639*** 1.915*** 1.504*** – –

Spatial Neoendemism -4.870 -1.168*** 1.658*** -2.338*** -1.436*** 0.095 0.005 2.255*** -1.34

Paleoendemism -3.686 0.257 0.181 0.125 -0.703*** 0.015 0.049 0.296 -0.39

Mixed
endemism

-2.685 -0.645*** 0.589*** -0.177 -1.427*** 0.424*** 0.127 0.783*** -1.26

Superendemism -7.960 -2.174*** 1.174*** -1.056*** -3.570*** 0.861* 0.467** 2.923*** -2.63

The spatial model, including longitude and latitude as additional covariates, recovered the following patterns: neoendemism was positively associated with
annual precipitation and longitude, and negatively with mean annual temperature, precipitation of the warmest quarter, continentality and latitude;
paleoendemism was negatively associated with continentality and latitude; mixed endemism was positively associated with annual precipitation, pH and
longitude, and negatively with mean annual temperature, continentality and latitude; and superendemism was positively associated with annual precipitation,
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pH, roughness and longitude, and negatively with mean annual temperature, precipitation of the warmest quarter, continentality and latitude. AIC values
supported this spatial model (AIC = 5694.966) against the non-spatial model (AIC = 6504.031).

4. Discussion
Previous analyses of biodiversity in the Mediterranean Basin have primarily focused on species richness, paying little attention to the evolutionary history of
species within specific areas. Here, our species-level spatial phylogenetic analysis reveals fine-scale patterns of angiosperm evolutionary diversity across the
Iberian Peninsula and the Balearic Islands, in the western Mediterranean biodiversity hotspot, including a significant representation of paleo-, neo-, mixed, and
superendemism.

4.1. Distribution of phylogenetic diversity and endemism
The geographic pattern for raw values of angiosperm phylogenetic diversity across the Iberian Peninsula and the Balearic Islands (Figure S3a) mirrors that of
species richness (Figure S1; see also [25, 26]), as reported in previous studies from other regions of the world [10, 58]. As expected, higher values are
observed along mountain ranges, as well as in those regions with higher sampling intensity in the AFLIBER distribution database [25]. This tight relationship
between PD and richness is expected, given that PD is an additive measure – each species sampled adds a branch to the phylogeny [7]. It therefore serves as
the null hypothesis for the randomization test used here to identify locations where PD is surprisingly high or low for a given richness.

The distribution of statistically significant PD values based on the randomization tests (which controls for the effect of taxon richness; Fig. 2a) shows a clear
geographic pattern. Along the northern coast of the Iberian Peninsula, corresponding to low and mid elevations within the Eurosiberian floristic region,
significantly high PD values (indicating phylogenetic overdispersion) are recovered for many grid cells (Fig. 2a), potentially an indication of older
communities where competition has had time to act. Due to long-term environmental stability, the Cantabrian coast appears to have acted as a refugium in
which distantly related evolutionary lineages have persisted [59]. In contrast, significantly low values (indicating phylogenetic clustering) clearly predominate
across the remaining territory, including the entire Mediterranean region and the main Eurosiberian mountain ranges of Iberia (the Cantabrian Mountains and
the Pyrenees; Fig. 2a). These results are consistent with previous analyses of the phylogenetic structure of forest communities [59]. The environmental filter
imposed by the mediterranean-type climate means that only a subset of plant lineages has been able to persist and diversify under these conditions.
Mediterranean flora and vegetation formed relatively recently in association with the establishment of the mediterranean-type climate in the Pliocene [60] (c.
3.2 Ma), and have subsequently evolved adaptations to withstand the summer drought and recurrent fires that characterize this climate [47, 61–63]. This has
promoted recent diversification within specific parts of the phylogeny in Mediterranean Iberia, resulting in comparatively low PD. Previous studies have linked
phylogenetic clustering in Mediterranean plant communities to environmental filtering associated with fire regimes and aridity [59, 64, 65]. Consistent with
this interpretation, the northern coast of the Iberian Peninsula is also thought to have acted as a refugium for non-angiosperm plant groups with higher water
requirements and greater sensitivity to drought (Molino et al., in prep.). An important exception to this general pattern is the significantly low PD observed in
the main Eurosiberian mountain ranges (Fig. 2a), which may be explained by the strong environmental filtering imposed by low temperatures at high
elevations, relative to the milder conditions prevailing at low and mid altitudes within the Eurosiberian floristic region [59].

Relative phylogenetic diversity displays a different spatial pattern, with significantly high values more widely distributed, not only in the Eurosiberian floristic
region but also across Mediterranean Iberia, particularly in the southern half of the Peninsula (Fig. 2b). In contrast, significantly low RPD values are largely
restricted to dry and continental areas (Figs. 2b, 6a-f). This pattern suggests that both oceanic and milder mediterranean-type climates have acted as refugia
for the persistence of ancient evolutionary lineages, whereas harsher, more continental mediterranean-type climates are dominated by assemblages
resulting from recent diversification, regardless of their range sizes. These results are broadly consistent with patterns reported in other regions of the world,
such as California [51] and Australia [66], where more humid climates are associated with high RPD. Nevertheless, this result should be taken with caution
given that many cells with significant RPD values may be floristically undersampled (see Figure S1).

Regarding phylogenetic endemism, the main mountain ranges (Fig. 1) display the highest raw values in mainland Iberia (Figure S3b), associated with high
weighted endemism (Figure S2; see also [40]). The CANAPE results identified the Pyrenees, the Baetic System, parts of the Cantabrian Mountains, the semi-
arid southeast and some coastal wetlands as the main centers of endemism in mainland Iberia (Figs. 2c, 3, 4a, 5a; see details below). In fact, the Pyrenees
and the Baetic System were still identified as endemism centers, although less strongly, when analyses were restricted to Iberian endemics only (Fig. 5b).
These results highlight the importance of topographically complex mountain ranges for Iberian angiosperm endemism [26, 29, 35, 36, 67, 68]. Given the
predominantly east-west orientation of Iberian mountain ranges (Fig. 1), they have traditionally been interpreted as barriers to the movement of organisms
during Quaternary climatic oscillations, leading to the formation of multiple isolated refugia and promoting speciation [69]. This has resulted in a high
diversity of range-restricted taxa in these mountain ranges, which explains their strong concentration of PE (Fig. 2c). Nevertheless, the scarcity of significant
endemism in mountain ranges of the inner Iberian Peninsula (Central System, Iberian System) is noteworthy (see also [39]). This pattern may reflect their
more extreme continental conditions, which may have reduced their capacity to act as refugia during Quaternary climatic oscillations [29]. In addition, the low
concentration of endemism in the Central System may be partially explained by its relatively uniform siliceous lithology, which may have provided fewer
opportunities for diversification driven by local edaphic specialization. Meanwhile, the north-south orientation and central location of the Iberian System may
have provided migratory routes between northern and southern mountain ranges and limited geographic isolation and diversification. Finally, although both
the Central System and the Iberian System reach considerable elevations, they are generally more environmentally homogeneous and may have offered
fewer stable microrefugia than the Pyrenees or the Baetic ranges, potentially limiting the persistence and diversification of narrow endemic lineages.

Our analyses also highlight the Balearic archipelago (Fig. 1) as a hotspot of phylogenetic endemism. Despite its relatively low species richness compared to
the mainland (Figure S1), the prevalence of endemic lineages in the Balearic flora [29, 70, 71] led to the identification of endemism centers across almost the
entire Balearic archipelago (Figs. 2c, 3, 4a, 5), consistent with the geographic isolation of lineages [72]. The separation of the Balearic archipelago from the
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Baetic System (of which it is geologically considered a continuation) occurred after the Messinian salinity crisis [73, 74], thereby isolating the Balearic flora
prior to the establishment of a mediterranean-type climate [60] (c. 3.2 Ma). This long-term isolation appears to have promoted evolutionary divergence
between some mainland and island lineages, leading to the current concentration of PE across the archipelago. Nevertheless, eustatic sea-level falls during
the Quaternary glaciations reduced the distance separating the Iberian Peninsula and the Balearic Islands [75], potentially favouring colonization. In addition
to strictly endemic Balearic lineages, PE in the archipelago is enhanced by range-restricted species shared with the eastern Iberian coast [76] and with the
islands of Corsica and Sardinia (outside of the study region) [77].

4.2. Distribution of endemism categories
The three types of endemism centers (neo-, paleo- and mixed/superendemism) are heterogeneously distributed across the Iberian Peninsula (Figs. 2c, 3, 4a,
5a). Neoendemism is concentrated in several mountain ranges (sierras) of southern Iberia, particularly in the western Baetic System (Serranía de Ronda,
including Sierra del Aljibe, Sierra de Grazalema, Sierra Bermeja, and Sierra de las Nieves) and the eastern Baetic System (Sierra de Cazorla, Sierra de Segura,
and Sierra de Filabres). It is also prominent in the Balearic Islands, especially in southeastern Mallorca, and on the highest peak of the archipelago (Puig
Major in Serra de Tramuntana, Mallorca) (Figs. 2c, 3a, 4a, 5a). This distribution of neoendemism appears to be related to geographic isolation and
topographic complexity, in combination with abiotic variables such as summer precipitation and soil pH, in agreement with our starting hypothesis (Fig. 6g-l).
Specifically, neoendemism centers are clustered in stressful environments characterized by mediterranean-type climates (Fig. 6i) and basic substrates
(Fig. 6k) that have promoted recent speciation, as suggested in a previous analysis of the Iberian endemic flora [40]. The environmental filters imposed by the
establishment of mediterranean-type summer drought since the Pliocene [47, 60] and stressful soils mean that only a subset of the Iberian angiosperm flora
has been able to persist and diversify in these regions of Mediterranean Iberia. Under these conditions, high evolutionary turnover, driven by recurrent local
extinction followed by rapid recolonization and speciation, provides a plausible explanation for the predominance of neoendemism [78]. Our non-spatial
regression model supported this interpretation, as shown by the significant associations of neoendemism with a low precipitation during the warmest
quarter (characteristic of mediterranean-type climates) and a high soil pH, among other variables (Table 2). However, the relationship with pH disappeared in
the spatial model. This may be explained by the strong longitudinal pattern of soil pH across the Iberian Peninsula, with a clear predominance of acidic soils
in the west and basic soils in the east, which makes it difficult to disentangle the effects of geography and soil pH.

Focusing on specific regions, in the Balearic archipelago neoendemism appears to have been driven primarily by geographic isolation [71, 79], whereas in the
Baetic System it has likely been promoted by a combination of factors. These include a mediterranean-type climate, geographic isolation among sierras
resulting from a fragmented orography of recent origin [80], and edaphic specialization on diverse substrates (calcareous, dolomitic, ultramafic) [37, 81–86].
The role of ultramafic (serpentine) substrates in the western Baetic System (Sierra Bermeja) is particularly noteworthy [87, 88], resembling the well-
documented influence of serpentine soils on endemism and speciation in the mediterranean-type region of California [89, 90]. Interestingly, an ultramafic
area in the Eurosiberian floristic region (central Galicia in northwestern Spain [91]) is also recovered as a neoendemism center when analyzing the
comprehensive dataset (Figs. 3a, 4a), supporting a role of these substrates in recent speciation regardless of climatic context. Additionally, gypsum
substrates, which are also stressful for plants and known to promote speciation and endemism [82, 92, 93], explain some scattered neoendemism centers in
the Southern Inner Plateau and Ebro Valley (Figs. 2c, 3a) (see [94, 95]).

The distribution of paleoendemism centers is more scattered across the study region (Figs. 2c, 3b, 4a, 5a) and appears to be driven by diverse processes, as
indicated by their occurrence across a wider range of abiotic conditions than neoendemism centers (Fig. 6g-l). In the non-spatial regression model,
paleoendemism was associated with warmer and less continental climates (Table 2). This is consistent with the expectation that paleoendemic lineages
persist in climatically buffered refugial areas [96] and agrees with our starting hypothesis. Nevertheless, the relationship with mean annual temperature
disappeared in the spatial model, probably as a result of the latitudinal temperature gradient, which makes it difficult to disentangle the effects of geography
and temperature.

A slight concentration of paleoendemism is found in the Eurosiberian floristic region, specifically in northwestern Iberia and in scattered grid cells in the
Pyrenees. The angiosperm flora of the Eurosiberian floristic region is adapted to more humid conditions [97] and is therefore phylogenetically more closely
related to the flora of central Europe [26]. The presence of species whose close relatives occur outside the study region tends to increase branch lengths in
the regional phylogenetic tree [49], which, when combined with a restricted distribution within Iberia, may lead to the inference of paleoendemism. An
example of this is Soldanella villosa, which appears to contribute to paleoendemism in the western Pyrenees. A similar pattern, although under contrasting
climatic conditions, is observed in the semi-arid region of southeastern Iberia, which harbors steppic species with restricted distributions within the Iberian
Peninsula and close relatives in North Africa or the eastern Mediterranean Basin [98]. Likewise, coastal wetlands are inhabited by aquatic and halophytic
plants that are often phylogenetically isolated and occur in only a small number of grid cells within the Iberian context (e.g., the halophytic Tetraena alba in
Delta de l’Ebre, northeastern Spain) [99, 100]. Certain additional centers of paleoendemism scattered across western and southern Iberia may be associated
with the persistence of narrowly distributed relict lineages in climatically stable, coastal, or edaphically specialized habitats that have been proposed as
refugia [27]. Finally, some scattered paleoendemism grid cells in the inner Iberian Peninsula are influenced by the presence of certain phylogenetically
isolated and narrowly distributed endemic species, such as Gyrocaryum oppositifolium [5].

Mixed endemism (including superendemism) centers are widespread across the study region but concentrated in mountain ranges, islands, semi-arid areas,
and certain coastal and inland lowlands (Figs. 2c, 3c-d, 4a, 5a). Associations with abiotic variables in the regression models (Table 2) were complex and hard
to interpret, likely reflecting the coexistence of range-restricted lineages associated with long, short and intermediate branches in these areas. Among
mountain ranges, the Pyrenees, Cantabrian Mountains, and Baetic System display the greatest extent of mixed- and superendemism. The Pyrenees are
dominated by superendemism, whereas mixed endemism predominates in the Cantabrian Mountains, with superendemism restricted to some of the highest
peaks (e.g., Picos de Europa for the comprehensive dataset; Figs. 3d, 4a) (see [101]). In the Baetic System, mixed endemism is widespread and intermingled
with neoendemism (see above), with superendemism largely restricted to Sierra Nevada, the highest mountain range of the Iberian Peninsula. The general
drivers of endemism discussed above operate in these areas, with no predominance of either neo- or paleoendemism, suggesting a dual role as both centers
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of recent speciation and refugia for phylogenetically isolated lineages, including the presence of arctic-alpine taxa [26]. This dual role is particularly evident in
the highest mountain ranges with wide altitudinal gradients, such as Sierra Nevada [102] and the Pyrenees, characterized by high topographic heterogeneity
and diverse habitats, supporting high species richness [44, 103]. Sierra Nevada hosts the highest richness of narrow endemics in the study region [29, see
also 81] and is considered a major hotspot of plant endemism in the Mediterranean context [28, 104]. The floristic distinctiveness of Sierra Nevada within the
Baetic System is likely driven by its pronounced topographic isolation and exceptional elevation. Its highest vegetated zones, locally known as borreguiles,
receive a continuous supply of snowmelt throughout the year and support numerous narrow endemics. Interestingly, siliceous substrates predominate there,
in contrast to other Baetic sierras dominated by calcareous, dolomitic and ultramafic substrates, and identified as centers of neoendemism (see above; [81]).
In the Pyrenees, mixed and superendemism centers are concentrated in the central-southern sector. This is a topographically and geomorphologically
complex region proposed as an important glacial refugium harboring putative relict species (e.g., Ramonda myconi, Dioscorea pyrenaica) and high levels of
endemism, including many short-branched monocots [40]. Additionally, the mixed/superendemism pattern is reinforced by an edge effect associated with
central European species reaching the southern limits of their distributions in this mountain range [103, 105] (see below).

In the Balearic Islands, mixed endemism is intermingled with neoendemism, and superendemism predominates in the mountains of northwestern Mallorca
(Serra de Tramuntana), except for the neoendemism center on the highest peak (see above; see also [79]). In these mixed/superendemism centers, long-
branched endemics, such as the monotypic genera Naufraga and Femeniasia, coexist with short-branched ones. Finally, another important area of mixed
endemism is the semi-arid southeast of the Iberian Peninsula, in this case intermingled with paleoendemism (see above). Notably, the most arid zones of
this region, which are also the most arid zones of Europe (Desierto de Tabernas, Cabo de Gata), are recovered as superendemism centers, reflecting a
combination of species phylogenetically isolated in the Iberian context, with their closest relatives in North Africa and the eastern Mediterranean Basin, and
recently diversified species from Mediterranean lineages [98].

4.3. Limited effects of confounding factors
One of the limitations of spatial phylogenetic analyses applied to specific territories is an edge effect, in which endemism centers may be inferred as a result
of lineages that are range-restricted in the study region, typically around its edges, but widespread outside [106]. As discussed above, this pattern is relevant
to the Iberian flora, given that some European species reach the Pyrenees as the southern limit of their distribution [103], while some African species reach
southern Iberia as the northern limit of their distribution [26]. These taxa contribute to the prevalence of endemism centers in these areas (Fig. 2c), which is
not necessarily an issue for the inference of regional-level patterns and their application to conservation policies [10]. Nevertheless, we explored whether the
Pyrenees and southern Iberia (particularly the Baetic System) remain areas of phylogenetic endemism after partially accounting for this edge effect by
evaluating spatial phylogenetic patterns using strictly endemic species, that is, species exclusive to the study region (Figs. 5b, S10). This approach is not
without limitations, as it does not fully remove the edge effect given that deeper lineages also affect PE (i.e., a species may be strictly endemic but have
widespread close relatives outside the region). The approach also greatly reduces the number of species available for analysis, which may obscure
biogeographic patterns in the study region. In fact, the number of statistically significant grid cells was greatly reduced for all metrics (Figs. 5b, S10)
compared with analyses including non-endemic species (Figs. 2, S3). Importantly, CANAPE still detected endemism centers in both the Pyrenees and the
Baetic System (Fig. 5b), although these were less extensive and concentrated primarily at their highest peaks in the Central Pyrenees and Sierra Nevada. This
result supports the role of the two highest mountain ranges for the evolutionary diversity of the angiosperm flora, although the predominance of mixed
endemism when analyzing strictly endemic species is consistent with a limited ability of CANAPE to discriminate between neo- and paleoendemism based
on this dataset. In contrast, the pattern in the Balearic Islands (Fig. 5b) is similar to that found when non-endemic species are included (Fig. 2c). This is
associated with the high number of Balearic endemics [29, 70], which is expected in an insular system [72].

Another potential confounding factor affecting our results is the presence of several genera with large numbers of Iberian endemics that reproduce by
apomixis, specifically Alchemilla, Hieracium, Limonium, and Taraxacum. These are among the thirty plant genera with the highest numbers of Iberian
endemics [29]. Because of the rapid diversification of apomictic genera and the strongly overlapping distributions typically exhibited by the resulting taxa
[107], they were expected to contribute to centers of neoendemism, but their contentious taxonomy introduces uncertainties. After excluding these genera
from spatial phylogenetic analyses, the general pattern (Fig. 5a) did not change significantly (Fig. 2c), highlighting the robustness of the results. The most
relevant change was the reduction of neoendemism centers in the Balearic Islands, particularly in southeastern Mallorca (Fig. 5a), which is associated with
the high richness in Limonium endemics in this area [73].

4.4. The use of phylogenetic imputation in spatial phylogenetics
To the best of our knowledge, this is the first study to explicitly test the effect of phylogenetic imputation on the inference of spatial phylogenetic patterns.
Due to sampling limitations, spatial phylogenetic studies are often restricted to relatively small taxonomic groups that allow deep species-level sampling
(e.g., [11, 14, 108]), or are conducted at higher taxonomic scales, such as the genus level (e.g., [23, 109]). Species-level studies focused on large floras are
typically limited to analyzing a subset of the known diversity [21, 110] or require substantial resources to sample the highest possible proportion of species
(e.g., [16]). In the present study, we were able to analyze the known angiosperm flora of the Iberian Peninsula (comprehensive dataset, 5,390 species) by
combining the previously-published GBOTB megaphylogeny [17, 32] with a phylogenetic imputation strategy that incorporates unsampled species based on
taxonomic information [33]. This approach allowed us to use distribution data for the entire flora and to explore spatial phylogenetic patterns of Iberian
angiosperms at high (species level) resolution (Fig. 4a), while explicitly accounting for uncertainty in the placement of unsampled species (Fig. 3).

Our phylogenetic imputation approach produced generally congruent results across replicates (Figs. 3, 4b, S4-S8). For the endemism center categorization
(CANAPE), only 29 grid cells (0.47% of the territory) were categorized as undetermined endemism (i.e., all endemism categories combined accounted for
more than half of the replicates, but no single category reached a majority; Fig. 4a). Moreover, the spatial patterns observed in the majority-rule CANAPE map
derived from the imputation replicates (Fig. 4a) are very similar to those obtained when analyzing only the species included in the GBOTB megaphylogeny
(core dataset, Fig. 2c), with most grid cells retaining the same endemism category (Fig. 4b). These results demonstrate the feasibility of comprehensively
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analyzing regional floras (or faunas) when available phylogenetic data broadly represent extant biodiversity. In our case, the GBOTB megaphylogeny includes
a substantial proportion of the Iberian angiosperm flora (53% of species and 75% of genera).

Of course, observing overall congruence between spatial phylogenetic patterns obtained with and without phylogenetic imputation is not necessarily a
reason to use imputation. Some differences were detected, which should be interpreted with caution. There could be artifacts introduced if the sampling of
clades in the backbone phylogeny is biased, or if taxonomic problems exist at the genus or family level. However, some differences may be due to the
imputed species adding a signal that is missing in the taxa with existing molecular data. For example, a neoendemism center is recovered in northwestern
Spain (central Galicia) when using the comprehensive dataset (Figs. 3a, 4a), but not when using the core dataset (Fig. 2c). This neoendemism center is
consistent with the presence of ultramafic lithologies in this area, mirroring the association between this type of substrate and neoendemism observed in
southern Iberia (Sierra Bermeja). In fact, this area of central Galicia harbors several narrowly distributed serpentinophytes that are absent from the GBOTB
megaphylogeny but are incorporated into the comprehensive dataset through phylogenetic imputation (Armeria merinoi, Leucanthemum gallaecicum; see
[39]). Similarly, the analysis of the comprehensive dataset contributes to support some isolated endemism centers in mountain ranges of the inner Iberian
Peninsula, including the Central System (mixed endemism in Sierra de Gredos, Figs. 3c, 4a, see [111]; neoendemism in Sierra de Guadarrama, Figs. 3a, 4a)
and the Iberian System (neoendemism in Sierra de Javalambre, Figs. 3a, 4a). These examples illustrate the usefulness of phylogenetic imputation in
uncovering biologically meaningful spatial phylogenetic patterns that would otherwise remain undetected [112].

The Iberian vascular flora constitutes an ideal system for exploring the utility of phylogenetic imputation in spatial phylogenetics, as it is well documented in
terms of taxonomy [24] and distribution ranges [25], and it is well represented in global megaphylogenies [17, 32]. Therefore, while species-level phylogenetic
sampling remains incomplete, phylogenetic imputation approaches (e.g., randtip [33]) provide a viable solution for conducting detailed spatial phylogenetic
analyses without restricting them to a subset of the known diversity, to small taxonomic groups (e.g., [14]), or to higher taxonomic levels such as genera (e.g.,
[109]). Nevertheless, the sequencing of additional taxa is ongoing, which will improve accuracy and reduce uncertainty in future analyses, and will help test
results obtained through phylogenetic imputation.

5. Conclusions
This study sheds light on the spatial phylogenetic patterns of the angiosperm flora of the Iberian Peninsula and the Balearic Islands, a key region within the
Mediterranean biodiversity hotspot and a plant endemism center at the global scale. The Balearic archipelago, major mountain ranges (the Pyrenees, the
Baetic System, and the Cantabrian Mountains), coastal wetlands, and the semi-arid southeast of the Iberian Peninsula emerge as prominent areas of
phylogenetic endemism, with contrasting prevalences of neoendemism, paleoendemism and mixed/superendemism shaped by climatic and edaphic
conditions. In addition, this study represents the first exploration of phylogenetic imputation as a means to achieve virtually complete species-level sampling
in a spatial phylogenetic analysis of an entire flora, while explicitly accounting for uncertainty in the placement of unsampled species. Overall, results were
highly congruent with those obtained without phylogenetic imputation, while also revealing additional patterns that would otherwise remain undetected.
Together, the geographic patterns of phylogenetic diversity and endemism uncovered here provide novel insights into the evolutionary and biogeographic
processes shaping plant diversity in the western Mediterranean, and offer a robust framework to inform future biodiversity management and conservation
strategies (see also [113]).
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Figures

Figure 1

Topographic map of the Iberian Peninsula (color gradient from lower to higher altitudes: green, yellow and brown) based on topographic data from WorldClim
2.1 [114]. Numbers indicate the main geomorphological units. The black line indicates the approximate limit between the Eurosiberian floristic region (north)
and the Mediterranean floristic region (south) based on Rivas-Martínez et al. [46].

Figure 2

Spatial phylogenetic patterns for the Iberian angiosperm flora based on the core dataset (see Table 1), including (a) phylogenetic diversity (PD) significance,
(b) relative phylogenetic diversity (RPD) significance, and (c) endemism center categorization according to Categorical Analysis of Neo- And Paleo-
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Endemism (CANAPE). Significant grid cells (a, b) are colored according to p-values: p < 0.01 in dark red, p < 0.025 in red, p > 0.975 in blue and p> 0.99 in dark
blue. Centers of endemism in c are colored according to the endemism categorization: neoendemism in red, paleoendemism in blue, mixed endemism in
light purple and superendemism in dark purple. Non-significant grid cells are pale yellow. Continuous black lines indicate country borders and light grey lines
indicate administrative divisions in Spain and Portugal.

Figure 3

Endemism center categorization (CANAPE) for the Iberian angiosperm flora based on the comprehensive dataset (see Table 1) and accounting for
uncertainty in the placement of unsampled species (100 randtip replicates). For every grid cell, maps represent the percentage of replicates in which each
endemism category was recovered: (a) neoendemism, (b) paleoendemism, (c) mixed endemism, and (d) superendemism. Continuous black lines indicate
country borders and light grey lines indicate administrative divisions in Spain and Portugal.

Figure 4

(a) Majority-rule consensus map resulting from the endemism center categorization (CANAPE) for the Iberian angiosperm flora based on the comprehensive
dataset (see Table 1) and accounting for uncertainty in the placement of unsampled species (100 randtipreplicates). Each grid cell is colored according to the
endemism category (neoendemism in red, paleoendemism in blue, mixed endemism in light purple, superendemism in dark purple, undetermined endemism
in green and not significant in pale yellow) recovered for > 50% of replicates (see Materials and methods for details). Continuous black lines indicate country
borders and light grey lines indicate administrative divisions in Spain and Portugal. (b) Comparison of endemism categorization between the core dataset
and the comprehensive dataset (see Table 1) for the significant and non-significant grid cells (left) and for only significant grid cells (right; those grid cells
only significant for one of those datasets lack connections and display a lighter color). The comparison matrix between the core dataset and the
comprehensive dataset is shown in Table S1 in Supporting information.
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Figure 5

Endemism categorization (CANAPE) for the Iberian angiosperm flora according to (a) the apomict-excluded datasetand (b) the strictly-endemic dataset (see
Materials and methods and Table 1 for dataset details). Centers of endemism are colored according to the endemism categorization: neoendemism in red,
paleoendemism in blue, mixed endemism in light purple and superendemism in dark purple. Non-significant grid cells are pale yellow. Continuous black lines
indicate country borders and light grey lines indicate administrative divisions in Spain and Portugal.

Figure 6

Scatter plots showing the relationships between spatial phylogenetic metrics for the Iberian angiosperm flora and abiotic variables. Values of relative
phylogenetic diversity (RPD; a – f) are categorized according to their significance (p < 0.01 in dark red, p< 0.025 in red, p > 0.975 in blue, p > 0.99 in dark blue,
not significant in pale yellow). Values of relative phylogenetic endemism (RPE; g – l) are categorized according to the endemism center categorization
(neoendemism in red, paleoendemism in blue, mixed endemism in light purple, superendemism in dark purple).
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