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Abstract

Insular woodiness - the evolutionary transition from herbaceousness toward woodiness in plant
species on islands - is common on oceanic islands, yet its drivers remain debated. A recent hypothesis
proposes that volcanic deposits (tephra) acts as a selective mechanism promoting the evolution of
woodiness in flowering plants. Here, we test this hypothesis on the island of La Palma (Canary Islands,
Spain) by comparing plant communities on recent tephra depositions in the volcanically active south
with the volcanically dormant north. We surveyed 132 vegetation plots in two of the island’s major
ecosystems, the Canary pine forest and the succulent scrub. We recorded species richness, cover, and
woodiness type: woody island species with woody continental ancestors vs. insular woody species
stemming from herbaceous continental ancestors. When controlling for climatic differences, we found
that woody species, particularly endemic, insular woody species, were significantly more common in
the southern than the northern succulent scrub. In contrast, the Canary pine forest ecosystem showed
no significant north—south differences regarding woodiness. This discrepancy may be due to both the
generally low understorey species richness of the Canary pine forest and the frequent pine forest fires,
which limit the potential for detectable shifts in woodiness. These patterns are consistent with the



46  hypothesis that long-term volcanism may influence the evolution of woodiness on islands and local
47  plant communities, but this effect is mediated by ecosystem type.
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Introduction

Convergent evolution across species of plant traits and growth forms like woodiness is a classic topic in
ecology and biogeography (Darwin, 1859). Oceanic islands are considered as “laboratories of evolution” for
understanding the emergence of biodiversity (Carlquist, 1974) and more recently conceptualized as
“evolutionary arenas” characterized by high diversification rates (Nirk et al., 2020). On oceanic islands, the
in-situ evolution of woodiness after the arrival of an herbaceous, continental ancestor is one of the most
striking examples of convergent evolution (insular woodiness), most prominent on (sub)tropical
archipelagos such as Hawaii and Macaronesia (Carlquist, 1974; Barber et al., 2002; Mort et al., 2004, Zizka
et al., 2022). Plant woodiness typically manifests as enhanced secondary xylem production compared with
related mainland taxa (Carlquist, 1974). Despite its prominence, the mechanisms promoting this
evolutionary transition remain debated (Zizka et al., 2022; Beierkuhnlein et al., 2023).

The first attempt to explain insular woodiness, the “competition hypothesis”, was proposed by Darwin
(1859), positing that taller, woody growth forms evolved from originally herbaceous island colonizers to
gain a competitive advantage for light. This assumes that herbs typically reach islands before trees (Darwin,
1859; Dulin & Kirchoff, 2010). Since then, several additional hypotheses have been developed, focusing on
both biotic and abiotic drivers. The “longevity hypothesis” links woodiness to the reproductive strategy,
suggesting that perennial growth enhances reproductive success in isolated environments with scarce
pollinators (Wallace, 1878; Bohle et al., 1996). The “climatic stability hypothesis” argues that stable
temperatures and year-round growth conditions without frost periods, present on many oceanic islands,
promote woodiness (Carlquist, 1974; Traveset et al., 2016; Nirk et al., 2019). According to the “drought
hypothesis” woodiness is favoured in arid environments because of better preservation of root-to-shoot
water transport (Lens et al., 2013; Déria et al., 2018; Hooft van Huysduynen et al., 2021). The “missing
herbivores hypothesis” suggests that in the absence of large vertebrate herbivores, plants can grow year-
round without heavy browsing pressure, which may promote woody life forms (Carlquist, 1974). Recently,
Beierkuhnlein et al. (2023) proposed a novel hypothesis, suggesting that volcanic ash depositions and
consequent burial of small, herbaceous vegetation, select for taller, more persistent woody plants (insular
woody species and woody island species stemming from woody continental ancestors). We refer to this as
the “burial avoidance hypothesis” (Beierkuhnlein et al. 2023).

Impacts of tephra deposition from a single volcanic outbreak include burial, physical damage, chemical
toxicity and abrasion of vegetation, but also nutrient input (Dale et al., 2005; Ayris & Delmelle, 2012; Lépez
de Heredia et al., 2014). However, long-term evolutionary implications have rarely been considered, even
though volcanic eruptions are a constant factor on oceanic islands over evolutionary timescales
(Beierkuhnlein et al., 2023). The thickness of the tephra layer plays a decisive role for individual plants:
tephra can completely bury understorey vegetation and seed banks in the pre-existing soil (Ayris &
Delmelle, 2012; Medina et al., 2025). Herbaceous species generally lack the structural capacity to survive
tephra depositions and emerging seeds or juveniles cannot penetrate through thick tephra layers (Figure 1)
(Beierkuhnlein et al., 2023; Medina et al., 2025). In contrast, taller and more sturdy woody species may
withstand burial, are less likely to be fully buried, and may regenerate by resprouting through the deposited
tephra. This could select for woodiness on islands (Beierkuhnlein et al., 2023). As a consequence, tephra
fields are dominated by woody species (Biedermann et al., 2026). Interestingly, younger fields (shorter time
since eruptions) are dominated by insular woody species, while a shift towards woody species with woody
colonizer is observed with age (Biedermann et al., 2026).

Here, we examine the role of volcanic tephra deposits as a potential selection force towards woodiness
(insular woody, woodiness from woody continental ancestors) on an island scale. Insular woody species are
of special interest here, as repeated environmental filtering over evolutionary times by tephra burial and
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habitat destruction may lead to a disturbance-driven evolutionary shift toward woodiness on oceanic
islands (Jentsch & White 2019; Beierkuhnlein et al., 2023; Biedermann et al., 2026). La Palma, with its
ongoing volcanic activity and most recent eruption in 2021, provides a natural setting for testing the burial
avoidance hypothesis for woodiness on oceanic islands. The island can be divided into a young, volcanically
active southern part (the ironically named Cumbre Vieja, < 125 ka old) and an older, volcanically inactive
northern part (last eruption > 400 ka) (Carracedo et al., 2001; Guillou et al., 2001; Kliigel et al., 2017;
Miguelsanz et al., 2023). Historical records from the past 500 years document frequent eruptions in the
south of the island, and stratified tephra layers further confirm repeated ash deposition (Hernandez
Pacheco & Valls, 1982). The most recent eruption in the south of the island occurred at Tajogaite in
September 2021, with tephra deposition affecting only the southern part (Carracedo et al., 2021; Shatto et
al., 2024).

This geological contrast allows for direct comparison between the volcanically active south, with its more
recent and ongoing tephra deposits, and the long-inactive north of La Palma, regarding the evolutionary
impact of tephra deposition as a selective force towards woodiness on islands.
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Figure 1: Tephra deposition, volcanism, and the burial avoidance hypothesis. (a-e) Schematic of the burial
avoidance hypothesis, based on Beierkuhnlein et al. (2023): (a) Understorey plant life-form spectrum before
ash deposition on developed, oxidized soil, including both woody and non-woody life forms. (b) New
volcanic ash deposition covers previous vegetation structure, causing photosynthetically active organs to
die. (c) Death of plants that cannot reach the new surface (geophytes, graminoids, forbs). These may
become locally extinct (red X). Resprouting of woody plants that protrude from the tephra layers (trees,
larger shrubs) or reach the new surface with new shoots (small shrubs). (d) Flowering and reproduction of
remaining species populations. (e) Dispersal of propagules, germination, and establishment on the newly
formed soil surface while parent plants remain alive. (f) Volcanism on La Palma with dated eruptions,
‘recent’ (<125,000 years old) and ‘ancient’ (>400,000 years old) cinder cones (Carracedo, 2001; Fernandez
et al. 2024).
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If volcanic tephra deposition acts as an environmental filter favouring (insular) woody species, then in the
volcanically active south, with its more recent eruptions and tephra depositions, we expect a higher
proportion and coverage of woody species. This is because the selective pressure occurred more recently
than in the volcanic inactive north. To test the hypothesis, we compared proportions of species numbers
and vegetation cover of herbaceous species, insular woody species and woody species with woody
continental ancestors between plots located in the northern and southern regions of the island. The
comparison was done in two of the island’s major ecosystems: Canary pine forest and succulent scrub (Irl
et al., 2015; Biogeography University of Bayreuth, 2014).

Methods

Study site

Data were collected between the 12th and 26th of March 2025 on the island of La Palma, which is one of
the western Canary Islands (28.66° N, 17.86° W). The climate is moderated by the relatively cool oceanic
Canary current all year round. The influence of the trade winds leads to a sharp boundary in precipitation
along the Roque de los Muchachos, Cumbre Nueva and Cumbre Vieja ridges, splitting the island into a more
arid south-west side and more humid north-east side (Irl et al., 2015).

La Palma is geologically very young, with the oldest remnants of the former sea mount dating to 1.77 Ma.
Activity of the northern volcanic shield ceased around 0.4 Ma. The southern Cumbre Vieja ridge, in contrast,
has been volcanically active since at least 123 ka (Carracedo et al., 2001). Eight eruptions have been
documented since the 15th century, the latest being the Tajogaite volcano in 2021 — with an average
timespan of 66 years between eruptions (Férnandez et al., 2024).

Sampling design

Based on vegetation classifications, precipitation data, and elevation data, which was used as a proxy for
temperature (vegetation data from Biogeography University of Bayreuth, 2014; climate data from Irl et al.,
2015), we identified abiotically comparable areas in the older and younger parts of the island using QGIS
(version 3.34.10). We grouped the thermophile scrub ecosystem together with the succulent scrub into one
ecosystem “succulent scrub” as the two were partially heavily intertwined (Biogeography University of
Bayreuth, 2014). For each of the ecosystem types, we sampled in two paired areas (Figure 1), with one area
in each pair being in the southern part and one in the northern part of the island, making a total of eight
study areas. The paired sampling areas were well matched climatically, with range of less than 100 mm
mean annual precipitation and less than 250 m elevation across all the plots within each pairing. All study
areas in the north were located on the western side of the main ridges (primarily the Roque de los
Muchachos ridge), with the upper pine and upper succulent scrub sites extending to the Pico Bejenado.
Study areas in the south were located on the western slope of the Cumbre Vieja.

In total, 100 plots were sampled across the eight study areas. Approximate plot locations were pre-selected
on the map to be spread out over the study areas, with the exact locations determined as randomly as
possible within the constraints of being accessible, at least 20 m from the nearest road, and avoiding areas
that were obviously disturbed by humans. Additionally, for each of the eight study areas, we selected one
plot at random and established four immediately adjacent supplementary plots using the same sampling
protocol. These four supplementary plots in each of the eight study areas were used to assess local
heterogeneity within the system. Overall, 132 plots (68 in succulent scrub and 64 in the Canary pine forest)
were sampled, with half in the north and the south. The Aridane valley was left as a buffer zone between
the geologically older northern and younger southern study areas, to avoid edge effects.
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Figure 2: The eight study areas (polygons, differentiated by colour and symbol shapes) in La Palma and h
locations of the plots within them (shown by the circular and triangular symbols). Borders between the
volcanically inactive northern and active southern part of the island are shown by the middle dividing line.
The photographs show typical site conditions for both biome types. Both photographs were taken in the
southern part of the island (Photos by S. Wirth).

Data acquisition and woodiness classification

All plots were circular with a radius of 5 m (area = 78.54 m?). Inside the radius, we recorded the number of
species as well as estimated coverage (percent). In the monodominant Canary pine forest, only the
understorey was considered; individuals of Pinus canariensis of all life stages were omitted. We further
recorded, as present or absent: visible remnants of human-made terraces; Pinus litter in the succulent
scrub; unexpected dominance of single species (e.g. Cenchrus ssp. or herbaceous nitrogen fixers);
prominent rocks within the plot; large amounts of died-off shrubs; and Fayal-Brezal elements such as Erica
canariensis Rivas Mart., Martin Osorio & Wildpret in the Canary pine forest.

The field identification, which species were woody, was based on the classification in Flora der Kanaren
(Hohenester & Welss, 1993) and confirmed with data from Biedermann et al. (2026), F. Lens (personal
communication, 2025), and Zizka et al. (2022). Species known to be able to build up secondary xylem from
the vascular cambium were then defined as woody, even if they only occurred in herbaceous form (e.g.
Bituminaria bituminosa (L.) C.H.Stirt.) in the plot (Larson, 1994). Identified woody species were further
categorised into species with woody continental ancestors (including ancestral woody lineages which have
always been woody throughout their evolutionary history and derived woody species on the continent,
where woodiness evolved on the nearby continent prior to dispersal to an island) and insular woody species
(stemming from herbaceous continental ancestors). For this, we used data from Biedermann et al. (2026),
F. Lens (personal communication, 2025), and Zizka et al. (2022). All identified species were assigned to
endemism classes: single-island endemic (SIE, i.e. endemic to La Palma); multi-island endemic (MIE, i.e.
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endemic to the Canary Islands but found on at least one of the islands other than La Palma); and non-
endemic (NE) (Hohenester & Welss, 1993).

Statistical analysis

Data preparation was done in Excel (version 2509) and R (version 4.4.1) (R Core Team, 2026). All statistical
analyses were conducted in R (using tidyverse packages, Wickham et al., 2019), with plotting done using
the ggplot2 package (Wickham et al., 2016). To quantify the composition of woody and non-woody species
numbers and coverage, we calculated the ratio of woody species number/coverage to total species
number/coverage per plot. This was done to avoid mathematical problems with 0 values when looking at
the ratio woody/non-woody directly.

We checked all data groups for normal distribution using the Shapiro-Wilk-Test. As most groups showed
significant divergence from normal distribution, we conducted comparisons between groups using the non-
parametric Mann-Whitney-U-Test.

Comparisons of woody species number and cover between the four sets of upper and lower study areas
revealed significant differences only for the southern succulent scrub areas (Supplementary Figure 1-4).
Therefore, we decided to group the upper and lower elevation categories together for the Canary pine
forest and succulent scrub, to increase the sample size for statistical testing. Supplementary plots then were
used to calculate local variance so it could be compared to regional variance and resulted in 132 plots
divided into four categories for statistical testing.

We calculated pairwise woody community dissimilarities based on presence—absence data, using the
Jaccard index (Jaccard, 1902) and performed a non-metric multidimensional scaling (NMDS) based on the
resulting dissimilarity matrix (using “vegan” package, Oksanen et al., 2025). Community differences among
tephra fields were tested using analysis of similarity (ANOSIM), which evaluates whether the Jaccard
dissimilarities are greater among groups than within, using the tephra field as the grouping variable (10,000
permutations; anosim(); vegan package; Oksanen et al., 2024). This was followed by pairwise comparisons
with Bonferroni’s p-value correction method to understand which tephra fields differed significantly from
each other in their community composition (10,000 permutations; anosim.pairwise(); vegan.ex package).

Indicator species analysis (ISA) was performed using the IndVal method by Dufréne & Legendre (1997) to
identify species significantly associated with predefined ecosystem groups (Canary pine forest vs. succulent
scrub; north vs. south) (using indicspecies package, De Caceres & Legendre, 2009). The indicator value
(IndVal, i-value) combines species specificity (relative abundance within a group) and fidelity (frequency of
occurrence within that group), thereby quantifying how exclusively and consistently a species is associated
with a given ecosystem. Because of the large number of significant indicator species, only taxa with p <
0.001 are presented in the results.

To test whether differences in the proportion of woody and insular woody species between northern and
southern study areas could be explained by climatic variables, we fitted generalized linear models (GLMs)
with binomial error distribution. Models were run separately for succulent scrub and Canary pine forest.
Species numbers per plot were used as the response (woody vs. nonwoody, insular woody vs. others), with
annual precipitation, mean annual temperature and region (north/south) as predictors (climate data from
Irl et al., 2015).

Results



227
228
229
230
231
232
233
234
235
236
237
238
239

240

241
242
243
244
245

246
247
248
249
250
251

252

In total, we identified 55 woody species across the surveyed plots, of which 24 were classified as insular
woody and 31 as woody island species with woody continental ancestors (Supplemetary Table 5). Overall
woody species richness (gamma diversity) was slightly higher in the northern region of the island (42
species) than the southern (39 species). Of these, 17 species were found exclusively in the north and 13
exclusively in the south, with 10 species being restricted within the dataset to a single plot. The number of
endemic woody species, classified as either single-island endemics (SIE, i.e. endemic to La Palma) or multi-
island endemics (MIE, i.e. endemic to the Canary Islands but not La Palma), was comparable between
regions, with 32 of the 42 woody species in the north being endemic (7 SIE, 25 MIE) and 31 of the 39 in the
south (9 SIE, 22 MIE). The woody species formed the basis for further comparison of community
composition and cover across ecosystems and regions. The Canary pine forest is relatively species-poor,
with only 31 woody species recorded overall and many plots dominated by a single species (other than P.
canariensis itself, which was excluded from data recording). In contrast, the succulent scrub plots hosted
68 woody species, more than twice as many as the Canary pine forest.

Succulent scrub

At the scale of individual 5m-radius plots, in the succulent scrub, woody species richness was on average
significantly higher in the southern part of La Palma, and herbaceous species richness was higher in the
northern part (p = 0.018, p > 0.001, Figure 3a). The proportion of insular woody species was significantly
higher in the south, while the proportion of woody species with woody continental ancestors was higher in
the north (all p < 0.001, Figure 3b).

The cover of woody species in the succulent scrub was slightly higher in the south (marginally not significant;
p = 0.064). In contrast, the cover of herbaceous species was significantly higher in the north (p < 0.0001;
Figure 3c). Summing species across all plots in each region, the total species richness for woody plants was
similar between the north and the south. Underlying this: insular woody species occurred in greater
numbers in the south, while woody island species with woody continental ancestors were more present in
the north (Figure 3d).
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Figure 3: Succulent scrub — plot-level growth form patterns (woody, herbaceous, insular woody, species
with woody continental ancestors ) in northern (n = 34 plots) and southern (n = 34) La Palma depicted as
violine and bar plots. (a) Number of species by growth form category. (b) Proportion of woody species with
herbaceous or woody continental ancestors. (c) Vegetation cover of woody and herbaceous species. (d)
Total number of different woody species recorded per region across all succulent scrub plots. Significance
levels: * (p < 0.05), ** (p < 0.01), *** (p < 0.001).

Canary pine forest

Although the plot-scale trends for the Canary pine forest followed similar trends to those for the succulent
scrub (i.e. higher insular woody proportion per plot in the south and higher proportion of woody species
with woody continental ancestors in the north while excluding P. canariensis in all plots), no statistically
significant differences in species richness or proportion were found between the northern and southern
plots for the studied life forms (Figure 4a&b). Likewise, no significant differences were detected in
herbaceous species cover values between north and south. However, woody species cover was slightly
higher in the north (p = 0.027), in contrast to the trend for succulent scrub. Overstorey P. canariensis crown
cover was significantly higher in the south (p < 0.001; Figure 4c). Across all plots in each region, total woody
species richness was higher in the south — entirely due to the insular woody species richness being double
that of the north (Figure 4d).
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herbaceous or woody continental ancestors. (c) Vegetation cover of woody species (excluding the pine),
herbaceous and Pinus canariensis. (d) Total number of different woody species recorded per region across
all plots in the Canary pine forest. Significance levels: * (p < 0.05), ** (p < 0.01), *** (p < 0.001).

Pattern and indicator species identification

Significant differences in woody community composition are detected between the ecosystems as well as
the north and south (ANOSIM R = 0.544, p <0.001). All groups significantly differ from each other in their
woody community composition, except for the northern and southern Canary pine forest (Supplementary
results, Supplementary Table 6, Supplementary Figure 7). The NMDS for the woody species shows distinct
differences between north and south, especially for the succulent scrub (Stress = 0.082) (Figure 5). The 95%
confidence intervals for the Canary pine forest show substantial overlap between the north and south plots.
In contrast, the succulent scrub plots of the north were quite distinct from those in the south with only
slightly overlapping confidence intervals. While the northern succulent scrub was distinct from the northern
Canary pine forest, the southern types of those ecosystems show an overlap in their confidence intervals.

To identify species that are statistically associated with specific regions and ecosystems, we applied an
indicator species analysis, which quantifies the strength and significance of species—habitat associations.
The southern succulent scrub plots show the highest number of highly significant (p < 0.001) indicator
species (n = 9). Indicator species of the southern succulent scrub include both insular woody species and
woody species with woody continental ancestors, for example Rumex lunaria L. (i = 0.62, MIE) and Retama
rhodorhizoides (Webb & Berthel.) Webb & Berthel. (i = 0.61, MIE) (Table 1). In contrast, indicator species of
the northern succulent scrub are all woody species with woody continental ancestors. The succulent scrub
communities overall show the highest indicator values, particularly for Echium brevirame Sprague & Hutch.
(i = 0.96, SIE), Periploca laevigata Aiton (i = 0.94, NE, i.e. non-endemic), Phagnalon saxatile (L.) Cass. (i =

10
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0.84, NE) and Kleinia neriifolia Haw. (i = 0.82, MIE). Both Canary pine forest regions are characterized by
fewer and generally lower significant indicator values. Indicator species of the Canary pine forest include
Cistus symphytifolius Lam. (i = 0.61, MIE) and Lotus campylocladus (Christ) Sandral & D.D.Sokoloff (i = 0.59,
MIE).
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Figure 5: Non-metric multidimensional scaling (NMDS) of the community composition of woody species
(based on 1 = present, 0 = absent) (Stress = 0.082). Points represent individual plots, differentiated by
ecosystem (P = Canary pine forest, S = succulent scrub) in the north or south of La Palma and elevation
category (upper & lower). Ellipses indicate the 95% confidence intervals.

Table 1: Highly significant (p < 0.001) woody indicator species based on the indicator species analysis (ISA)
of the succulent scrub (S. scrub) and the Canary pine forest plots in the per region (north/south) of La Palma
with their status of endemism (SIE, i.e. endemic to La Palma; MIE, i.e. endemic to the Canary Islands; NE,
i.e. non-endemic). The indicator value i (0-1) indicates the strength of the species as an indicator for an
ecosystem type, thus being uniquely associated and discriminating against other ecosystems. Ancestral
woody species are shown in white and insular woody species are shown in grey. Nomenclature based on
FLOCAN (Beierkuhnlein et al. 2021).

Indicator . . . .
¢ Species Woodiness  Endemism i-value
o
. . . with woody continental
@, Periploca laevigata Aiton NE 0.940
ancestors
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with woody continental

Phaganlon saxatile (L.) Cass. NE 0.840
ancestors
. . . . with woody continental
Bituminaria bituminosa (L.) C.H.Stirt. NE 0.743
ancestors
¢ Echium brevirame Sprague & Hutch. insular SIE 0.955
. with woody continental
Phagnalon umbeliforme DC. MIE 0.690
ancestors
Echium aculeatum Poir. insular MIE 0.690
Micromeria herpyllomorpha Webb & Berthel. insular SIE 0.640
Rumex lunaria L. insular MIE 0.623
Retama rhodorhizodes (Webb & Berthel.) Webb with woody continental e 0.614
& Berthel. ancestors '
L . . with woody continental
Polycarpea divaricata (Aiton) Poir. ex Steud. MIE 0.499
ancestors
. . with woody continental
Schizogyne sericea (L.f.) DC. NE 0.454
ancestors
Carlina falcata Svent. insular MIE 0.420
@, . . with woody continental
¢ Cistus monspeliensis L. NE 0.496
ancestors
Lotus campylocladus (Christ) Sandral &
‘0 24 ( ) insular MIE 0.589
D.D.Sokoloff
. o with woody continental
Cistus symphytifolius Lam. MIE 0.614
ancestors
with woody continental
‘Q Kleinia neriifolia Haw. Y MIE 0.822
ancestors
Rubia fruticosa Aiton insular MIE 0.767
. . with woody continental
Euphorbia lamarckii Sweet MIE 0.757
ancestors
Aeonium davidbramwellii H.Y.Liu insular SIE 0.707
Lavandula canariensis Mill. insular MIE 0.630
L o . with woody continental
Opuntia ficus-indica (L.) Mill. NE 0.606
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The GLM models, used to assess the predictors of the proportion of insular woody species or woody species
with woody continental ancestors, indicated that the observed north—south differences in proportion of
woody species are not driven by climatic differences (Table 2). In the succulent scrub, southern plots
showed a markedly higher proportion of woody species (p < 0.001) and insular woody species (p < 0.001),
while precipitation and temperature had no significant effect. In the Canary pine forest, proportion of all
woody species did not differ significantly between regions (p = 0.30), but insular woody species were
significantly more common in the south (p = 0.025). Here, in the model temperature exerted a weak
negative influence (p = 0.048), whereas precipitation was not significant.

Table 2: Results of the generalized linear models (GLMs) of the proportion of woody and insular woody
species per plot in the succulent scrub and the Canary pine forest on La Palma. Beta coefficients (B) and p-
values are shown for all covariates.

Ecosystem Response Predictor B p-value
) region (north/south) 14 < 0.001 ***
Proportion of
. temperature 0.18 0.45
woody species S
precipitation 0.0 0.65
Succulent scrub -
Proportion of region (north/south) 1.8 < 0.001 ***
insular woody temperature 0.18 0.60
species precipitation 0.0 0.88
) region (north/south) 0.26 0.30
Proportion of
. temperature -0.39 0.17
woody species o
. precipitation 0.0 0.41
Canary pine forest -
Proportion of region (north/south) 0.74 0.025 *
insular woody temperature -0.64 0.048 *
species precipitation -0.01 0.20

Discussion

The vegetation plots in the volcanically active southern part of La Palma had on average more woody
species, and higher proportions of insular woody species, than those in the volcanically inactive northern
part of the island. These trends, which were not accounted for by climatic differences, were highly
significant in the succulent scrub, but mostly non-significant in the Canary pine forest. The findings for the
succulent scrub are consistent with the “burial-avoidance hypothesis” (Beierkuhnlein et al., 2023). Notably,
we found a significantly higher proportion of insular woody species in the southern part of the island in the
succulent scrub. Tephra fields with more relatively recent tephra deposits on the islands of La Palma are
dominated by insular woody species, whereas with age there is a shift towards woody species with woody

continental ancestors (Biedermann et al., 2026). It has been proposed that insular woody species are
13
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evolutionarily adapted to the frequent habitat destruction and creation by tephra depositions and
therefore show an increased ability to colonization ability of these habitats (Biedermann et al., 2026). This
idea can explain the observed patterns in proportion of insular woody species on the island scale and the
relative absence of woody species with woody continental ancestors on recent tephra, as insular woody
species may be more able to quickly occupy vacant niches after tephra deposition (Fukami, 2015;
Biedermann et al., 2026).

We suggest that recent volcanic activity in the south of La Palma may filter for woodiness through the
effects of tephra depositions in the succulent shrub. In the inactive north, the selection for woodiness by
tephra deposition happened longer ago, and many herbs have since established there, after the cessation
of volcanic activity. In contrast, the Canary pine forest shows no significant differences in community
composition and life form abundances between north and south at the plot scale except for the total
number of insular woody species in the pine forest understorey being twice as high in the south than in the
north. The Canary pine forest, which is dominated by Pinus canariensis and characterized by an overall low
species richness as well as thick pine-needle litter, may mask the selective effects of tephra deposition due
to reduced plant establishment in the understorey and the recurrence of other disturbances like wildfires
(Hollermann, 2000; Molina-Terrén et al., 2016; Del Arco Aguilar & Rodriguez Delgado, 2018; Weiser et al,
2021; Wilkens et al., 2024). Still, the total number of insular woody species in the pine forest understorey
is twice as high in the south as in the north, which might be a possible signature of filtering by tephra
deposition in this ecosystem.

Other factors such as climatic differences may affect the observed patterns, as on La Palma, precipitation,
temperature, elevation and ecosystems are correlated (Irl et al., 2015). We tried to minimize climatic
confounding by selecting abiotically comparable plots across regions and could show with a GLM that
climate did not differ significantly between plots. We found that in the succulent scrub, the proportion of
woody and insular woody species per plot was explained mainly by regional differences between north and
south with no significant effect of temperature or precipitation. In the Canary pine forest, regional
differences were evident only for the proportion of insular woody species, consistent with the weaker
regional signal observed in total species numbers. These results suggest that the observed north—south
patterns of woodiness are unlikely to originate from climatic gradients. Herbivory has been considered as
an additional influence on the observed life form pattern, as mammalian herbivory is a particular threat to
island ecosystems and can affect community composition (Courchamp et al., 2003; Campbell & Donlan,
2005; Traveset et al., 2009, Garzén-Machado et al., 2010; Irl et al., 2014). However, browsing pressure
appears to be widespread across the island (Irl & Beierkuhnlein, 2011) and from field observations did not
show a consistent north—south gradient.

The observed patterns in woody species abundance and lack of herbaceous species in the south are
consistent with suppression of herbaceous vegetation by burial and mechanical damage due to repeated
tephra deposition during geological times, whereas the structural height and regenerative capacity of
woody species allow them to persist through the environmental filter and recover following disturbance,
especially in young, volcanically active island systems (Beierkuhnlein et al., 2023; Medina et al., 2025;
Biedermann et al., 2026). Additionally, tephra thickness gradients, ranging from millimetres in remote areas
to metres near eruption centres, create a spatial selection matrix. Seeds of short-lived herbs, typically
associated with disturbance-adapted strategies, are likely to be buried and rendered ineffective, requiring
dispersal from matrix ecosystems (Beierkuhnlein et al., 2023, Medina et al. 2025). In contrast, woody plants
that can resprout or reach above the ash layer gain a clear advantage in survival and reproduction and may
be able to occupy the available niches after an eruption and prevent herbs from establishing (MacArthur &
Levins, 1967; Fukami, 2015; Biedermann et al., 2026).
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Anecdotally, but still notably, the increased occurrence of woodiness in the south of La Palma also includes
within-species variability. We observed this in particular for the native Bituminaria bituminosa (L.) C.H.Stirt.
(1981), a biennial-perennial Fabacean species, which is officially classified as herbaceous (POWO, 2026),
but on La Palma often exhibits light lignification. Individuals that we found in the northern plots were
exclusively herbaceous or nearly fully herbaceous, with at most a light lignification at the base. In contrast,
in the southern plots, individuals had strong, lignified stems and branches and were more shrub-like, with
heights regularly over 150 cm (Supplemetary Figure 8). This intraspecific pattern may indicate ongoing
within-species evolutionary differentiation, potentially driven by volcanic tephra deposition, and would be
worth researching further.

Across both ecosystems, we registered in our plots about a third of all woody species known to occur on La
Palma—including 37 of the 134 single or multi-island endemic species known from the island (Beierkuhnlein
et al., 2021). This highlights the relevance of the woody flora for understanding the relationship between
volcanism and endemism. Generally, the northern part of the island harbours significantly more endemic
species than the southern part, possibly due to the far greater geological age and topographic complexity
(Reyes-Betancort et al., 2008; Otto et al., 2016). However, at the plot level the opposite seems to hold true
for insular woody taxa.

Our findings indicate that volcanism may be an additional filter for woodiness on islands, acting through
ash and tephra deposition. The Canarian and Hawaiian archipelagos are highlighted as global centres of
insular woodiness (Zizka et al., 2022). Like the Canary Islands, the Hawaiian archipelago is geologically young
and has experienced intense volcanic activity in the recent past, with eruptions continuing into the present
(Decker et al., 1987; Mulliken et al., 2010). Other regions of high insular woodiness, such as the Malay
Archipelago and the West Indies, are also shaped by frequent volcanism (Siebert et al., 2011). On La Palma,
during the 2021 Tajogaite eruption, tephra was deposited mainly in the south, leaving the north largely
unaffected (Beierkuhnlein et al., 2023; Miguelsanz et al., 2023; Shatto et al., 2024). Such spatially discrete
events, frequent in evolutionary time, create a disturbance mosaic and provide ecological opportunity that
may drive evolutionary dynamics in plant communities (Wellborn & Langerhans, 2015; Niirk et al., 2020;
Biedermann et al., 2026). Our results thus offer a rare, real-time snapshot of a potential selection
mechanism in progress. With previous studies on the ecological impact of pyroclastic ashes hitherto
confined to case studies regarding continental volcanism (Rees, 1979; Zobel & Antos, 1997; Ghermandi et
al.,, 2015; Korablev & Neshataeva, 2016), we thus highlight volcanic tephra deposition as a factor
contributing to the evolution of insular woodiness. We suggest that further research on the evolutionary
effects of this ubiquitous geological feature of volcanic oceanic islands, which have hitherto hardly been
studied, might help to unravel more mechanisms of island biogeography.

Data availability

The datasets generated and analysed during the current study are available in the [insert name of
repository] repository, [Appendix : https://unibt-
my.sharepoint.com/:f:/g/personal/bt717310_myubt_de/Euxnrqgk6MJPvr-
EaHeNHy8BVGU46MqVMIikPVBANn_2AVJA?e=0OMjvAv

In addition, following datasets were used: Plants of the World Online (Kew)
(http://www.plantsoftheworldonline.org/); Copernicus Emergency Management Service (EFFIS). Data and
Services — Forest Fire (https://forest-fire.emergency.copernicus.eu/applications/data-and-services). This
publication has been prepared using European Union's Copernicus Land Monitoring Service information;
<https://doi.org/10.2909/e677441e-f094-431c-b4f9-304f10e4dfd8. Climate data based on Irl et al., 2015.
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Code availability

The underlying code for this study is not publicly available but may be made available to qualified
researchers on reasonable request from the corresponding author.
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Supplementary Material

Local and regional variance

An analysis of local and regional variability was carried out in the eight study regions to identify possible
differences within the areas. Local variance was examined at five adjacent plots per area, regional variance
at all plots per area (Figure 6). The analysis reveals that the regional variation exceeds local variation for
both species’ richness and woody cover in P. canariensis forest and succulent scrub. A markedly higher local
and regional variation in both woody species richness and cover in succulent scrub plots compared to P.
canariensis forest plots can be seen. This pattern is particularly pronounced in the southern succulent scrub
regions, which show the highest mean values and standard deviations, indicating strong local
heterogeneity. Notably, the southern succulent scrub sites reach mean species numbers above 11 for local
and ~ 9 for regional variation. In contrast, P. canariensis forest sites exhibit lower overall values and
relatively little variation between regions.
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Figure S1: Succulent scrub, only lower elevation (250 m) — plot-level growth form patterns (woody,
herbaceous, insular woody, species with woody continental ancestors) in northern (n = 34 plots) and
southern (n =34) La Palma depicted as violine and bar plots. (a) Number of species by growth form category.
(b) Proportion of woody species with herbaceous or woody continental ancestors. (c) Vegetation cover of
woody and herbaceous species. (d) Total number of different woody species recorded per region across all
succulent scrub plots. Significance levels: * (p < 0.05), ** (p < 0.01), *** (p < 0.001).
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Figure S2: Succulent scrub, only higher elevation (500 m) — plot-level growth form patterns (woody,
herbaceous, insular woody, species with woody continental ancestors) in northern (n = 34 plots) and
southern (n =34) La Palma depicted as violine and bar plots. (a) Number of species by growth form category.
(b) Proportion of woody species with herbaceous or woody continental ancestors. (c) Vegetation cover of
woody and herbaceous species. (d) Total number of different woody species recorded per region across all
succulent scrub plots. Significance levels: * (p < 0.05), ** (p < 0.01), *** (p < 0.001).
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Figure S3: Canary pine forest, only lower elevation (1000 m) — plot-level growth form patterns (woody,
herbaceous, insular woody, species with woody continental ancestors) in northern (n = 32) and southern (n
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= 32) La Palma depicted as violine and bar plots. (a) Number of species by growth form category. (b)
Proportion of woody species with herbaceous or woody continental ancestors. (c) Vegetation cover of
woody species (excluding the pine), herbaceous and Pinus canariensis. (d) Total number of different woody
species recorded per region across all plots in the Canary pine forest. Significance levels: * (p < 0.05), ** (p
<0.01), *** (p < 0.001).

n.s n.s. n.s.
a b 0o k
15
>
e
é '§ 0.75
E 10 E -
o o 0.50 < L
Q = -
g g
o O 025
w a
0.00 -
insular woody with woody ancestors
c d
20
0]
E
E 15
o @ Region
0]
3 g 10 B North
o s} I South
&
— 5
5
| e HE BN
¥, 0
woody herbaceous pine woody insular woody  with woody
ancestors

Figure S4: Canary pine forest, only higher elevation (1500 m) — plot-level growth form patterns (woody,
herbaceous, insular woody, species with woody continental ancestors ) in northern (n = 32) and southern
(n =32) La Palma depicted as violine and bar plots. (a) Number of species by growth form category. (b)
Proportion of woody species with herbaceous or woody continental ancestors. (c) Vegetation cover of
woody species (excluding the pine), herbaceous and Pinus canariensis. (d) Total number of different
woody species recorded per region across all plots in the Canary pine forest. Significance levels: * (p <
0.05), ** (p < 0.01), *** (p < 0.001).

Table S5: Species list of the 132 assessed plots in La Palma, Canary Islands with current species name,
author and the woodiness type (Biedermann et al., 2026; F. Lens personal communication, 2025; Zizka et
al., 2022)

species author woody type

Achyranthes sicula (L.) AlL herbaceous

Adenocarpus viscosus (willd.) Webb & Berthel. with woody continental
ancestors

Adenocarpus foliolosus (Aiton) DC. with woody continental
ancestors
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Aeonium arboreum
Aeonium arboreum

Aeonium aureum

Aeonium davidbramwellii

Aeonium sedifolium

Aeonium spathulatum

Ageratina adenophora

Argyranthemum frutescens

Artemisia thuscula

Asparagus scoparius

Bituminaria bituminosa

Bystropogon origanifolius var. Palmensis

Chamaecytisus proliferus ssp. proliferus
var. caldera

Chamaecytisus proliferus ssp. proliferus
var. palmensis

Carlina falcata

Cistus monspeliensis

Cistus symphytifolius

Descurainia gilva
Echium aculeatum
Echium brevirame
Echium x bond-spraguei
Echium webii

Erica arborea

(L.) Webb & Berthel.
(L.) Webb & Berthel.

(C.Sm. Ex Hornem.)
T.H.M.Mes

H.Y.Liu

(Webb ex Bolle) Pit. &
Proust

(Hornem.) Praeger

(Spreng.) R.M.King &
H.Rob.

(L.) Sch.Bip.

Cav.

Lowe

(L.) C.H.Stirt.

Bornm.

Acebes

(Christ) Hans. et Sund.

Svent.

Lam.

Svent.

Poir.

Sprague & Hutch.
Sprague & Hutch.
Coincy

L.
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insular

insular
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insular
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Euphorbia balsamifera balsamifera

Euphorbia lamarckii

Ficus carica

Forsskaolea angustifolia

Globularia salicina

Hypericum grandifolium

Kleinia neriifolia

Lavandula canariensis

Lotus campylocladus ssp. hillebrandii

Lotus sessilifolius

Micromeria herpyllomorpha

Myrica faya

Opuntia tuna

Opuntia ficus-indica

Periploca laevigata

Phagnalon saxatile

Phagnalon umbelliforme

Polycarpaea divaricata (leicht verholzend)

Prunus dulcis

Aiton

Sweet

Retz.

Lam.

Choisy

Haw.

Mill.

(Christ) Sandral &

D.D.Sokoloff

DC.

Webb & Berthel.

Aiton

(L.) Mill.

(L.) Mill.

Aiton

(L.) Cass.

DC.

(Aiton) Poir. ex Steud.

(Mill.) D.A. Webb
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667
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Retama rhodorhizoides

Rhamnus crenulata

Rubia fruticosa
Rumex lunaria
Salvia canariensis

Schizogyne sericea

Scrophularia glabrata
Sonchus arboreus
Sonchus hierrensis
Sonchus palmensis

Tolpis laciniata

(Webb & Berthel.) Webb &

Berthel.

Aiton

Aiton
L.
L.

(L.f.) DC.

Aiton
(Brouss.) DC.
(Pit.) Boulos
(Webb) Boulos

Webb

with woody continental
ancestors

with woody continental
ancestors

insular
insular
insular

with woody continental
ancestors

insular
insular
insular
insular

with woody continental
ancestors

Table S6: Key values of local and regional variation: Local variation between 5 nearby plots per area.
Regional variation between all plots per area (17 for succulent scrub areas, 16 for P. canariensis forest

areas).
Local Variation (n = 5) Regional Variation (n = 16/17)
Woody species Woody cover Woody species Woody cover
number number
mean SD mean SD mean SD mean SD
1,80 0,40 0,07 0,03 1,56 0,93 0,17 0,21
H1500 N
1,60 0,49 0,34 0,18 2,25 1,68 0,29 0,25
. H1000 N
Canary pine
forest 1,40 0,80 0,04 0,03 1,69 1,16 0,07 0,12
H1500 S
1,00 0,00 0,12 0,02 2,50 2,45 0,15 0,18
H1000 S
7,80 0,75 0,56 0,04 7,88 1,49 0,50 0,09
H500 N
4,60 1,20 0,37 0,04 6,59 2,77 0,42 0,12
H250 N
Succulent
Scrub 11,40 2,33 0,73 0,10 9,00 2,85 0,56 0,15
H500 S
11,60 2,06 0,59 0,08 8,65 3,05 0,49 0,17
H250 S
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670  Figure S7: Local variability within regions: Number and cover of woody species in groups of five

671 neighbouring supplementary plots per region (n = 8 regions). Ellipses represent 95 % confidence intervals.
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674  Figure S8: Occurence and growth forms of B. bituminosa within the studied plots (a); Exemplary

675 individuals typical for the herbaceous growth form (flowering) in the north (b) and the woody growth
676 form (here intergrown with R. lunaria) in the south (c) of the island. (Photos by K. Richardt).
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