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Abstract
1. The discipline of functional island biogeography and studies on plant ecological 

strategies shaping island assemblages have emerged only recently. Due to vol-
canic activity, primary succession is an important natural process driving ecosys-
tem dynamics on oceanic islands. However, our knowledge about plant functional 
traits in explaining the mechanism of ecological succession on these islands char-
acterized by impoverished and disharmonic, but endemic- rich floras, is limited.

2. We investigated the distribution of plants with respect to nine functional traits related 
to resource use, reproduction, and growth as well as their overall functional diversity 
during primary succession using a chronosequence on 10 lava flows of La Palma, 
Canary Islands. We analysed changes of single traits with age using community- 
weighted trait means and applied ordination techniques to evaluate changes in trait 
composition. Based on ecological succession theory, we tested several hypotheses 
for changes of functional traits along the successional gradient. We also analysed the 
role of endemic and introduced plants in structuring successional communities.

3. Both the single- trait and trait compositional approach revealed that the composi-
tion of plants displaying core traits related to leaf economics and dispersal abil-
ity shifted with substrate age showing a change from acquisitive to conservative 
traits and from anemochory to zoochory along the gradient. These shifts were 
entirely driven by endemic shrubs, while other growth forms contributed to the 
increase in species and functional richness with lava age but little to vegetation 
structure. Introduced species were almost absent in successional trajectories. 
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1  |  INTRODUC TION

Primary succession is the temporal process of ecosystem recovery 
on newly created or exposed substrate with little biological rem-
nants (i.e. lacking soil and organisms) after an extreme disturbance 
(Prach & Walker, 2019; Walker & del Moral, 2003). On young oce-
anic islands with high volcanic activity, primary succession is one of 
the most important natural processes and an important determinant 
of ecosystem dynamics and the distribution of plant life (Whittaker 
et al., 2023). However, our knowledge about the drivers of primary 
succession is mostly based on continental studies in the context of 
deglaciation, dune systems and volcanism (Grishin et al., 1996; Prach 
& Walker, 2019), whereas this topic has generally received much less 
attention on islands (but see Cutler et al., 2008; del Moral & Poli 
Marchese, 2010; Elias & Dias, 2009; Kitayama et al., 1995; Vitousek 
et al., 1987).

Plant functional traits are crucial in characterizing ecologi-
cal strategies and developing mechanistic models predicting the 
response of ecosystems to disturbances (Chang & Turner, 2019; 
Grime, 2002). Functional trait approaches have only recently been 
introduced in island biogeography as a framework to understand 
how functional traits are influenced by biogeographical and evolu-
tionary processes in interaction with the dynamic abiotic environ-
ment in an island context (Barajas Barbosa et al., 2023; Barton & 
Fortunel, 2023; Ottavani et al., 2020; Schrader, 2020; Schrader, 
Westoby, et al., 2021; Schrader, Wright, et al., 2021).

During ecological succession, plant strategies usually follow 
two main gradients of specialization (but see also unifying con-
cepts, Laughlin, 2024); the first representing the plant resource 
economy related to water, light and nutrient acquisition, and the 
second is linked to dispersal and reproductive capacity (Westoby 
et al., 2002). An acquisitive strategy is typical for ruderal or pioneer 
plants (Grime, 2002) which show fast growth, high values of specific 

leaf area (SLA), leaf area and leaf nitrogen (N) and low values of leaf 
C:N and leaf carbon (C) and leaf dry matter (LDMC). A conserva-
tive strategy is related in turn to the opposite trend and is found for 
slow- growing late- successional plants. SLA reflects photosynthetic 
capacity as well as to leaf longevity (Cornelissen et al., 2003) and 
represents a cost- benefit trade- off in leaf carbon economy.

In succession studies of glacier forelands, Caccianiga et al. (2006) 
found a decrease of SLA and leaf N with terrain age. Chang and 
HilleRisLambers (2019) also reported a temporal decrease in SLA in 
plants established after the Mount St. Helens eruption. On Tenerife, 
higher SLA and leaf nutrients, but lower leaf C and C:N ratio were 
reported for disturbed roadside communities compared to more 
natural vegetation types (Ratier Backes et al., 2023) supporting the 
idea that acquisitive plant strategies are favoured after disturbance. 
However, nutrient and, especially, N availability in early primary 
succession on volcanic substrate is usually low (Cabrera Rodríguez, 
Otto, & Fernández- Palacios, 2022; Gallardo et al., 2020; Vitousek 
et al., 1993) due to the lack of soil and, consequently, leaf N of plants 
growing in these nutrient- poor environments might be reduced as 
reported for Metrosideros polymorpha, a native tree abundant on 
young lava flows on Hawaii (Matson, 1990). Hence, primary suc-
cession in volcanic environments usually represents a productivity 
gradient linked to soil development and fertility. Additionally, plant 
functional traits have been shown to vary along climatic gradients 
on continents and on islands (Ratier Backes et al., 2023; Westoby 
& Wright, 2006). In this context, a conservative trait strategy was 
related to drought- tolerant species (Pavanetto et al., 2024).

Commonly, strong dispersal filtering has been reported where 
anemochorous species with small, vagile seeds dominated in open 
stressful micro- environments while endozoochorous fleshy- fruited 
species with heavier seeds corresponded with later successional 
stages formed by closed shrub and forest communities (Fuller & del 
Moral, 2003; Greinwald et al., 2021; Korablev et al., 2020; Walker & 

Functional dispersion increased whereas trait turnover was constant and low dur-
ing succession.

4. Synthesis. Our island system reflects a directional succession governed by the 
selection of functional traits related to environmental conditions and acquisitive- 
conservative strategies as well as to dispersal capacity in early stages followed by 
a gradual modification of the environment and an expansion of the niche space 
linked to functional divergence in later stages. Major changes in functional traits 
occurred five hundred years after the eruptions indicating that primary succes-
sion in this dry environment is very slow. The dominance of endemic shrubs and 
the lack of introduced plants at all successional stages highlight the importance of 
evolutionary processes in shaping species ecological strategies linked to distur-
bances like volcanism on this oceanic archipelago.

K E Y W O R D S
chronosequence, endemism, functional diversity, lava flows, oceanic island, primary 
succession, vascular plants
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    |  1477OTTO et al.

del Moral, 2003). On Krakatau Island, this trend has been explained 
by positive feedback at later successional stages in which an increas-
ing number of fruiting shrubs and trees attract greater numbers of 
visiting birds and flying foxes, the primary dispersers, which drop 
more seeds, introducing further endozoochorous species (Whittaker 
et al., 1989). Generally, seed size is related to life- history strategies, 
where small seeds are often associated with high colonization rates 
due to their dispersal ability, while large seeds are linked to better 
establishment and competitive abilities due to maternal investment 
of resources (Moles & Westoby, 2004).

Furthermore, functional diversity measures such as functional 
dispersion or beta diversity have been applied to evaluate temporal 
trends in community assemblage during primary succession such as 
trait convergence or divergence which depend on the importance 
of ecological filters (dispersal limitations, abiotic environment and 
biotic interactions) among different successional stages (Callaway 
& Walker, 1997). Trait convergence due to dispersal and abiotic fil-
tering is expected to prevail in early successional communities on 
exposed mineral substrate with harsh environments whereas trait 
divergence due to biotic interactions such as competition or facili-
tation dominates in mid-  to late- successional stages where environ-
mental conditions are less restrictive (Grime, 2006). In general, an 
increase of functional richness related to species richness has been 
described during primary succession (Greinwald et al., 2021).

Several studies on the Canary Islands focused on functional trait 
space and the distribution of traits along environmental gradients 
(Cutts et al., 2023; Hanz, Beloiu, et al., 2022; Hanz, Cutts, et al., 2022; 
Ratier Backes et al., 2023), but the relationships of endemism reflecting 
evolutionary processes, functional plant traits and disturbance have 
rarely been assessed (Irl et al., 2021). Recent studies on the Canary 
Islands reported an overall high proportion of shrubs in the endemic 
flora of Tenerife (Barajas Barbosa et al., 2023), and a dominance of 
endemic ruderal shrubs in secondary succession which serve as “vac-
cine species” increasing the resilience of native plant communities 
to invasion by introduced species which only dominate at highly dis-
turbed sites (Arévalo et al., 2005; Fernández- Palacios et al., 2023; Otto 
et al., 2006, 2014). Therefore, the analysis of the role, through their 
functional traits, of endemics, non- endemic natives and introduced 
plants in community assembly during primary succession might pro-
vide new insights in evolutionary processes related to plant strategies.

Here, we investigate the distribution of plants with respect to nine 
functional traits related to resource use, dispersion and growth as 
well as functional diversity metrics during primary succession using a 
chronosequence on 10 lava flows ranging in age between 40 and over 
15,000 years in the lowlands of the southern part of La Palma Island. 
We formulate the following three hypotheses for our island system:

Hypothesis 1. Plant strategies shift from ruderal 
strategists in early- stage pioneer communities to 
competitive strategists at late- successional stages. 
(1a) Community- weighted trait means (CWMs) 
change from acquisitive to conservative strategies 
(decreasing SLA and LA, increasing LDMC, N, C and 

specific stem density SSD) with increasing lava age 
except for leaf N (increase or no trend) due to low soil 
fertility conditions on young lava flows. (1b) Dispersal 
strategies and seed characteristics shift from anemo-
chory to endozoochory and from small to large and 
heavy- seeded plants along the chronosequence.

Hypothesis 2. Endemic shrubs dominate in abun-
dance at all successional stages reflecting their evo-
lutionary adaptation to this disturbance type, while 
introduced species are less important in terms of tax-
onomic richness and abundance. We expect a moder-
ate increase of the contribution of introduced species 
in late- successional stages due to improved soil con-
ditions and possible small- scale anthropogenic distur-
bances such as extensive grazing in the past on the 
oldest lava flows but without altering the dominance 
of endemic shrubs and, hence, impacting on the func-
tioning of this ecosystem.

Hypothesis 3. Strong environmental and dispersal 
filtering during successional stages leads to a shift 
from trait convergence to divergence within the 
coastal scrub with increasing terrain age.

2  |  METHODS

2.1  |  Study site

La Palma is the northwestern- most island of the Canarian archi-
pelago situated about 400 km off the north- western coast of Africa 
(Figure 1). It is the second highest island of the archipelago, with 
a maximum elevation of 2426 m a.s.l., covering an area of 708 km2. 
The island is characterized by a geologically older northern part 
(1.8 Ma) and a very active young southern part (<0.15 Ma), known as 
Cumbre Vieja (Carracedo et al., 2001), where eight (years AD 1480, 
1585, 1646, 1677, 1712, 1949, 1971 and 2021) of the 16 historical 
eruptions in the Canary Islands have occurred producing lava flows 
running from the flanks of Cumbre Vieja (up to 2000 m a.s.l.) toward 
both the eastern and western coasts.

The main vegetation types on La Palma are determined by the is-
land's high elevation and its interaction with the predominant humid 
north- eastern trade winds. Hence, there are steep climatic gradients 
distinguished by a humid eastern windward side and a drier western 
leeward side of the island. Our chronosequence study was carried out 
in the lowlands of Cumbre Vieja characterized by a subtropical semi- 
arid climate with mild temperature (18–21°C mean annual tempera-
ture) and low rainfall (150–500 mm mean annual precipitation), mostly 
occurring in winter. The vegetation was classified as coastal sub- desert 
scrub and is formed by endemic succulent shrubby spurges (genus 
Euphorbia) and other xerophytic shrubs, which potentially occurs from 
sea level up to 350 m a.s.l. (del Arco Aguilar et al., 2010).
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1478  |    OTTO et al.

2.2  |  Experimental design

Our study follows the chronosequence approach (space- for- time 
substitution, Pickett, 1989), a widely used method to study primary 
succession, especially when long- term permanent plots are lacking 
and/or very long periods (hundreds, thousands of years) are of inter-
est (Walker et al., 2010). Since La Palma is the volcanically most ac-
tive island of the archipelago and most eruptions are precisely dated 
(Carracedo et al., 2001), it represents a perfect setting to study pri-
mary succession.

Within the potential area of the Euphorbia scrub, we established 
a chronosequence on 10 recent and historical lava flows, dividing the 
substrate into the following decreasing age classes (>15 Ka, 6–8 Ka, 
2–4 Ka, 1480, 1585, 1646, 1677, 1712, 1949 and 1971) (Figure 1). 
We applied a stratified random selection process installing five plots 
of 20 m × 20 m for each lava age class on both windward and lee-
ward slopes where possible (only two plots in case of the lava flow 
from 1480 due to human disturbances; Cabrera Rodríguez, Otto, & 
Fernández- Palacios, 2022). We avoided placing plots at the edges of 
lava flow (at least 20 m distance) to prevent spill over from other hab-
itats, areas with difficult access as well as human- disturbed patches. 
We also excluded pyroclastic deposits to make samples comparable. 
In total, we established 72 plots (15 age classes), 30 at the windward 

(SE slope), 32 at the leeward (SW slope) and 10 in the southern part 
of La Palma.

We recorded all vascular plants within each plot and measured 
abundance with the line intercept method (Canfield, 1941) for all 
perennial species, whereas the abundance of annuals was visually 
estimated. The method consists in recording the intercept distance 
of the canopies of each species by a number (here five) of parallel 
tapes within the plot and calculating its proportion to the overall 
tape length. Furthermore, we measured the height and two diam-
eters (widest and perpendicular) of shrub individuals. Taxonomy 
and biogeographical status (introduced, non- endemic native and 
endemic species) followed the most recent vascular plants checklist 
(Beierkuhnlein et al., 2021). Sampling was conducted from February 
to May of 2011, the best season to record annual plants.

2.3  |  Environmental variables

Our topographical variables included plot elevation, slope, aspect 
and geographic coordinates and were taken in the field or extracted 
using a geographic information system (ArcGIS 9.3, 2008; Cabrera 
Rodríguez, Otto, & Fernández- Palacios, 2022). We interpolated cli-
matic variables (mean annual temperature and annual precipitation) 

F I G U R E  1  Location of sampling plots and age of the lava flows on La Palma Island (simplified after Carracedo et al., 2001). The most 
recent lava flow (Tajogaite, 2021) is not mapped.

 13652745, 2025, 6, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2745.70033 by M

artin L
uther U

niversity H
alle-W

ittenberg, W
iley O

nline L
ibrary on [18/08/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



    |  1479OTTO et al.

and topographic variables (slope and aspect) using statistical models 
(Garzón- Machado et al., 2013). The following soil chemical variables 
were studied and obtained by randomly taking five soil samples to a 
depth of 5–25 cm depending on soil development and a minimum of 
1 kg at each plot: soil pH, soil organic matter (SOM), phosphorus (P), 
nitrogen 

(

NH
+

4

)

 and exchangeable cations (K+, Na+, Ca2+, Mg2+) (for 
details see Cabrera Rodríguez, Otto, & Fernández- Palacios, 2022).

2.4  |  Trait sampling

We compiled data for nine plant traits of 110 vascular plants (40 en-
demic, 53 non- endemic native and 17 introduced species) of the total 
species pool of 169 species recorded in the survey of primary suc-
cession along the established chronosequence (Cabrera Rodríguez, 
Otto, & Fernández- Palacios, 2022), including 93% of all native spe-
cies with frequency >5% and 91% of species with >1% maximum 
cover and 81% of all introduced species. In functional community 
ecology, traits should be taken from all species that make up at least 
80% of the relative plot cover (Pakeman & Quested, 2007).

The trait data compilation includes five morphological and bio-
chemical leaf traits: leaf area (LA, mm2) as the one- side surface area 
of the individual lamina, LDMC (mg g−1) as the leaf dry mass per unit 
of water- saturated fresh mass, SLA (mm2 mg−1) as the leaf area per 
unit of dry mass, leaf Nitrogen content (Nmass; mg g−1) as the nitro-
gen content per unit of lamina dry mass, and leaf carbon content 
(Cmass; mg g−1) as the carbon content per unit of lamina dry mass. 
Three reproductive traits were measured or extracted from the 
literature and trait databases such as TRY: seed mass (SM, g/1000 
seeds), dispersal syndrome (animal, wind, unassisted) and pollination 
system (wind, animal). Animal dispersal includes endozoochory (9 
species) and ectozoochory (20 species) by birds, lizards and possi-
bly introduced rabbits. Plants with hydrochory are not present in 
this type of vegetation. Since some plants can have more than one 
dispersal mode (Vargas et al., 2015), the main dispersal mode was 
considered. Animal pollination in the target habitat is mainly related 
to insects and in rare cases additionally to birds and lizards. Finally, 
two traits related to plant growth and lifespan were obtained: stem- 
specific density (SSD; mg mm−3) as dry mass per unit of fresh stem 
volume and growth form (fern, forb, graminoid, subshrub, shrub). In 
our study, 76% of forbs and 67% of graminoids are annuals.

Plant traits were not recorded on the plots of the chronose-
quence but measured in the field on La Palma (8 La Palma endem-
ics) and Tenerife (70 shared native non- endemics and multi- island 
endemics; 49 Barajas Barbosa et al., 2023; 21 Ratier Backes 
et al., 2023). For the rest of the species (15 native non- endemic 
species, 11 introduced species), databases such as TRY (Kattge 
et al., 2020) were consulted (Table S2). For each species, ten to hun-
dred leaves and one stem sample of each of three to five individuals 
located across the species' island distribution range were collected 
and analysed. Therefore, we consider that our data represent robust 
estimates of the intraspecific trait variation and can thus be used for 
quantitative community analyses. Furthermore, species turnover, 

not intraspecific variation, best explained total variation in rather 
plastic traits such as leaf area in endemic and non- endemic plant 
assemblages along environmental gradients in the coastal habitat on 
La Palma (Hanz, Beloiu, et al., 2022). However, we are aware that 
the sampled intraspecific trait variation does not reflect potential 
within- species trait changes along our successional gradient which 
could limit the interpretation of our results. In general, changes in 
average community trait values can be explained by both composi-
tional change and within- species trait variability. Neglecting intra-
specific trait variability may result in misinterpreting the response 
of communities to environmental changes (Lepš et al., 2011). The 
effect of intraspecific trait variability might under-  or overestimate 
community- wide trends for specific traits depending on the type of 
environmental change and trait (Zheng et al., 2022).

Data for growth form, dispersal and pollination mode, that is 
traits which exhibit no intraspecific variation, were compiled from 
the literature (Table S2).

Our selected leaf and growth traits are associated with the func-
tional continuum from acquisitive to conservative strategies (Díaz 
et al., 2016), whereas the reproductive traits such as dispersal type 
and seed mass can be related to the continuum from ruderal to 
stress or competitive strategies (Grime, 2002).

2.5  |  Data analysis

We applied two approaches to study functional traits during primary 
succession. First, we analysed changes of single traits in relation to 
lava age and environmental factors using CWMs and linear models 
(LMs). Then, we followed a trait- based community- level approach 
using unconstrained and constrained ordination techniques (redun-
dancy discriminatory analysis [RDA]) to reveal trends in the func-
tional composition of successional communities. Finally, we tested 
changes in community taxonomic richness and functional diversity 
with time applying different indices. CWMs were calculated for each 
trait and each plot, using the functcomp function in the FD package 
in R (Laliberté et al., 2014). While a multi- trait approach informs us 
how trait combinations vary during succession, single- trait analyses 
focus on the variation of specific traits with lava flow age.

In the first step, we tested for significant differences in univar-
iate relationships between individual CWM trait values and time 
treated as a factor with five lava age classes (<0.3, 0.3–1, 2–4, 6–8, 
>15 Ka) applying a non- parametric Kruskal–Wallis test followed 
by Dunn's test with Holm corrections for post hoc pairwise com-
parisons. Furthermore, we applied multiple linear regression with 
each CWM trait as a dependent variable and a set of environmental 
factors as independent variables. First, we checked for collinearity 
among environmental factors and selected the ecologically most 
meaningful ones from highly correlated variables (when correlation 
coefficients >0.7). We also tested for the effect of time since erup-
tion (both included as factor or continuous variable). The seven his-
toric lava flows are precisely dated, while the four older lava flows 
are given in age classes. However, in previous studies, lava age in the 
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1480  |    OTTO et al.

same chronosequence was treated as a continuous variable (Cabrera 
Rodríguez, Otto, & Fernández- Palacios, 2022; Irl et al., 2019). We 
ran linear (lm) models both for the whole age gradient and separately 
for only young lava flows to elucidate differences in early and late- 
successional stages. Explanatory variables were log-  or square root 
transformed and scaled to mean zero to improve model fit and to 
meet assumptions for model residual (Shapiro test for normal distri-
bution and studentized Breusch Pagan test for homoscedasticity). 
For the continuous but bounded (0,1) variables (dispersal and polli-
nation mode), we applied generalized linear models (glm) with a qua-
sibinomial distribution and logit function.

We checked for spatial autocorrelation of model residuals using 
the Moran's I statistics as implemented in the morantest function of 
the spdep packages in R (Bivand, 2022). Gabriel graph defined neigh-
bours and three types of spatial weights (neighbour/non- neighbour, 
inverse distance weights, inverse squared distance weights) were 
applied. No spatial autocorrelation was found in residuals for all LMs. 
Differences in species richness and cover values for each species 
origin group along the lava flow chronosequence were evaluated by 
Dunn test with Holm correction; differences between species origin 
groups for the same lava flow age class were tested applying two- 
samples Wilcoxon test. Phylogenetic correction was not considered 
here since out of 79 genera only three (Aeonium, Scilla and Sonchus) 
with two or three species belong to in situ diversified lineages. The 
other species within the same genus represent different coloniza-
tion events (Price et al., 2018) and are not phylogenetically closely 
related. However, there is a still an ongoing debate whether phy-
logenetic correction should be applied in trait analyses (Westoby 
et al., 1995, 2023).

In a second approach, we investigated the effects of environ-
mental factors and age on the functional composition of succes-
sional communities by applying a RDA using the rda function in the 
vegan R library (Oksanen, 2017). Before running the RDA, a de-
trended correspondence analysis was performed to confirm that the 
linear ordination method was adequate for RDA (gradient lengths 
<3). The independent contributions of each environmental factor to 
explain the constrained variation were checked by applying partial 
RDA using the rda function including the condition expression. The 
significance of the RDA model was assessed with the ANOVA func-
tion based on 999 permutations.

We calculated, for each plot, three main components of functional 
diversity, using n- dimensional hypervolumes (Blonder, 2018): func-
tional richness, functional dispersion and functional beta diversity 
applying the functions kernel.alpha, kernel.dispersion and kernel.beta, 
respectively, in the R package BAT (Mammola & Cardoso, 2020). We 
used a fixed kernel bandwidth for all groups using cross- validation as 
the kernel estimator method. Functional diversity metrics are based 
on hypervolumes estimated from the three first principal compo-
nents using six continuous plant functional traits (SLA, LA, LDMC, 
SM, Nmass, Cmass). Functional richness is the total volume of a trait 
space while functional dispersion quantifies how spread or dense 
a given trait space is. Functional evenness quantifies how regular 
a given trait space is. Hypervolumes for each plot were calculated 

using the kernel.build function in the BAT package with gower dis-
tance and Gaussian kernel density estimation. Kernel.beta computes 
the pairwise comparisons of dissimilarity (β) between communities 
in different plots. We calculated the mean dissimilarity of all compar-
isons of a certain community/plot with the rest of the communities/
plots. Introduced species were not included in the CWM and func-
tional diversity analyses since they were almost absent and showed, 
if present, very low cover values (max. 5%). All statistical analyses 
were conducted in the R environment (R Core Team, 2023).

3  |  RESULTS

The richness of endemic, non- endemic native and introduced spe-
cies significantly increased with lava flow age. Introduced species 
were almost absent, especially on young substrate (Figure 2), and 
increased in richness only on older substrates. The richness of non- 
endemic natives increased until the oldest successional stage and 
was always significantly higher compared to endemics for each age 
class, except for the 6–8 Ka lava flows.

Vegetation cover was dominated by endemics along the entire 
chronosequence (significantly higher endemic than non- endemic 
native cover for each age class), non- endemic natives reached cover 
values up to 10% at old stages, introduced species did not play any 
role in structuring the vegetation and only reached 2%–4% cover at 
the 2–4 ka successional stages.

With respect to cover- weighted growth forms, shrubs domi-
nated the communities along the entire chronosequence (Figure 3). 
Forbs, comprised mainly of annuals, showed variation in relative 
abundances at the youngest stages, but generally low values for 
later stages. However, using only presence- absence data, forbs and 
graminoids increased with lava age, shrubs decreased, while ferns 
and subshrubs did not show a consistent trend with lava age.

Single- trait analyses showed that CWMs for SLA, LA, wind dis-
persal and wind pollination significantly decreased, while those of 
SM, SSD, LDMC, Nmass, Cmass, animal dispersal, unassisted dis-
persal and animal pollination significantly increased with lava flow 
age (Figure 4). For most traits, significant differences were observed 
between younger (<1 Ka, age classes 1 and 2) and older (>1 Ka, age 
classes 3, 4 and 5) lava flows. LMs including the entire time gradi-
ent confirmed that lava flow age had a significant effect on all traits 
(Table S1). However, some trait CWMs were also moderately related 
to precipitation, temperature and soil organic matter. For instance, 
precipitation positively affected SLA and LA, but a negative one 
on LDMC and SSD. Interestingly, when LMs were applied only to 
younger lava flows (<600 years), none of the explanatory variables 
including lava flow age resulted significant, indicating no clear tem-
poral change nor environmental effects in traits in these earlier 
stages.

RDA confirmed the compositional change of plant traits along 
the chronosequence from species with high LA, dispersed and pol-
linated by wind on very young substrate to species with higher SM, 
Cmass, SSD, dispersed and pollinated by animals on older lava flows 
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    |  1481OTTO et al.

(Figure 5). However, SLA and herbaceous species (forbs, grasses) 
were related to precipitation and the second RDA axis. Partial RDA 
analyses revealed three significant explanatory variables, lava flow 
age (24.7% explained variance, p < 0.001) and soil organic matter 
(3.5% explained variance, p < 0.05) correlated with axis 1 and pre-
cipitation (2.7% explained variance, p < 0.05) correlated with the 
second axis.

Functional richness as well as functional dispersion signifi-
cantly increased with lava flow age (Figure 6; Table S1). Again, dif-
ferences were related to the changes from younger to older stages 
although a high variability for successional stage 0.3–1 Ka was ob-
served. Functional beta diversity significantly decreased along the 
chronosequence due to changes in richness and not due to species 
replacement.

4  |  DISCUSSION

Here, we present the first detailed study about plant functional traits 
and diversity, including leaf economic, and reproductive traits, dur-
ing primary succession on the Canary Islands. We can highlight the 

following main results: (i) the richness of endemic and non- endemic 
native species strongly increased with lava flow age, while intro-
duced species were almost absent and occurred only at very low 
abundances, if present; (ii) endemic shrubs dominated the vegeta-
tion structure along the entire chronosequence, but the presence of 
other growth forms increased with substrate age while contributing 
comparatively little to vegetation structure; (iii) both the single trait 
and trait compositional approach revealed that the composition of 
plants displaying core traits related to leaf economics and dispersal 
ability shifted with substrate age showing a change from acquisitive 
to conservative traits and from anemochory to zoochory, highlight-
ing the importance of the leaf economic spectrum and the ruderal- 
competitive continuum in primary succession (Díaz et al., 2004, 
2016; Grime, 2006; Wright et al., 2004). Substrate age also clearly 
influenced functional diversity indicating functional divergence dur-
ing succession due to an increase in structural complexity and trait 
space. All these findings suggest an evolutionary adaptation of the 
Canarian lowland scrub to volcanism, a disturbance type that is quite 
common on most oceanic islands. Furthermore, we conclude that 
processes during primary succession on lava flows in the semi- arid 
subtropical climate of the Canary Islands are very slow compared 

F I G U R E  2  Temporal trends of species richness and cover of endemic, non- endemic native and introduced species in structuring plant 
communities during primary succession. Variation of taxonomic richness (number of species) and abundance (cover, expressed as %) along 
the chronosequence of lava flows (note the differences in the ordinates scale). Different letters indicate significant differences (p < 0.05) 
between age groups. The total cover can reach more than 100% due to the existence of different vegetation layers.
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1482  |    OTTO et al.

to tropical islands with a humid climate (Whittaker et al., 1989) and 
that major changes in taxonomic richness as well as functional trait 
composition and diversity occur only after 500 years since eruption.

4.1  |  Richness, growth forms and species origin

Species richness strongly increased with time since eruption in the 
lowland scrub of La Palma. This finding is in accordance with ob-
servations of a series of other studies both on primary and second-
ary ecological succession (Cutler et al., 2008; Grishin et al., 1996; 
Magnússon et al., 2014; Otto et al., 2006). However, other studies 
report a hump- shaped temporal trajectory for species richness, 
especially during secondary succession due to a dominance of 
competitive shrub or tree species at later stages (del Moral & Poli 
Marchese, 2010; Dolezal et al., 2008; Prach & Walker, 2019). Earlier 
studies based only on species richness pattern questioned the evo-
lutionary adaptation of endemics to early primary succession on the 
Canaries (Irl et al., 2019). However, our study, which includes spe-
cies abundance and CWM analyses, reveals a consistent dominance 
of endemic shrubs along the entire chronosequence and a very low 
contribution of non- endemic natives belonging to all other growth 
forms in structuring the Canarian lowland scrub. This interesting 
result supports the idea of an evolutionary adaptation of this plant 
community to volcanism including early- , mid-  and late- successional 
species. The great dominance of shrubs in early successional stages 
might be explained partly by substrate type. Previous studies on 
primary succession on islands highlighted the advantage of shrubs 
in colonizing lava flows compared to herbs due to their capacity to 

grow in cracks by extending their root system whereas herbs are 
more abundant on ash deposits (del Moral & Poli Marchese, 2010; 
Karadimou et al., 2018). Topography, substrate and volcanic distur-
bance type have been identified as factors influencing colonization 
processes during primary succession (del Moral & Grishin, 1999).

In general, endemic shrubs not only control the successional pro-
cess during primary succession on La Palma but also dominate the 
entire native flora of the Canary Islands, especially the diversified 
flora (Barajas Barbosa et al., 2023; Fernández- Palacios et al., 2021). 
Many of these endemics belong to lineages that evolved insular 
secondary woodiness (Zizka et al., 2022), the evolutionary transi-
tion from herbaceous continental ancestors toward woody insular- 
derived species, which has been related to longevity and promotion 
of sexual outcrossing due to the scarcity of pollinators, seasonality 
or herbivory release or increased drought resistance (Whittaker 
et al., 2023).

4.2  |  Functional traits

Our quantitative analyses of nine functional traits showed that 
plants with high SLA, LA, small seeds, wind dispersal and pollina-
tion as well as low leaf C mass, LDMC and SSD were dominant 
in early successional stages (<1 Ka), while the opposite trend oc-
curred in species of late- successional stages. Hence, we detected 
two gradients or trade- offs of functional traits that co- occur 
during primary succession in agreement with general succession 
theory (Díaz et al., 2004; Grime, 2002; Westoby et al., 2002). The 
first gradient coincides with the leaf economic spectrum relating 

F I G U R E  3  Temporal trends in the proportion of growth forms of endemic/non- endemic native species along the chronosequence 
showing community- weighted means (CWM) values calculated with abundance (cover) values (above) and represented by presence- absence 
data (below). Different letters indicate significant differences (p < 0.05) between age groups. Note the differences in the ordinates scale.
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    |  1483OTTO et al.

fast- growing species with an acquisitive strategy (high SLA, LA 
and low LDMC, SSD, C mass) with early successional communi-
ties and species with a more conservative strategy showing the 
opposite trait pattern (slow growth and higher leaf C) and an as-
sociation with late- successional communities (Reich, 2014; Wright 
et al., 2004). Studies on leaf economic spectra in primary succes-
sion in continental settings confirmed this acquisitive–conserva-
tive gradient at least for some related traits such as SLA and SSD 
(SLA, leaf N, Caccianiga et al., 2006; SLA, SSD, Laine et al., 2018; 
SLA, Chang & HilleRisLambers, 2019; SLA, Greinwald et al., 2021). 
Support for the leaf economic spectrum also comes from several 
types of secondary succession in temperate grasslands, shrub-
lands and forests (Craven et al., 2015; Purschke et al., 2013; Ratier 
Bakes et al., 2023).

High leaf N concentration has also been linked to the acquisitive 
strategy and positively correlates with SLA, LA, short life span and 
fast growth rates, especially at productive sites (Reich, 2014; Wright 
et al., 2004). For primary series, no clear trend in leaf N has been ob-
served so far (Chang & HilleRisLambers, 2019; Dolezal et al., 2008). 
In our study, the few dominant pioneer shrubs on young lava flows 
possessed intermediate values of leaf N which only increased in the 

oldest successional stage, probably due to the dominance of the N 
fixing shrub Retama rhodorhizoides (Fabaceae). Hence, we observe 
a certain mismatch between leaf N and soil N, the limiting factor 
of the productivity on young volcanic soils (Vitousek et al., 1987). 
Nitrogen is almost non- existent in the basaltic bedrock and must 
accumulate either via biological fixation or dry deposition (Walker 
& Syers, 1976). And yet, the endemic ruderal shrubs on young lava 
flows are able to maintain an acquisitive strategy, possibly linked to 
a high N uptake and resorption efficiency as reported for pioneer 
shrubs growing on nutrient- poor sites in early primary succession 
(Zhong et al., 2021).

When analysing all explanatory variables, leaf N and forbs were 
associated with the second RDA axis and precipitation indicating 
the relationship of these traits with higher availability of nutrients 
and water representing better soil conditions (Cabrera Rodríguez, 
Otto, & Fernández- Palacios, 2022). However, the second RDA axis 
explained little of the overall trait variation compared to the first axis 
and, therefore, precipitation is not considered a key driver of trait 
change in our model system.

The second gradient represents plant regeneration/repro-
duction and is related to life- history traits such as pollination and 

F I G U R E  4  Community- weighted means (CWM) values of endemic/non- endemic native plant functional traits during primary succession 
along a chronosequence represented by five lava flow age classes. Different letters indicate significant differences (p < 0.05) between age 
groups. Cmass, leaf carbon content; LA, leaf area; LDMC, leaf dry matter content; Nmass, leaf nitrogen content; SLA, specific leaf area; SM, 
seed mass; SSD, stem specific density.
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1484  |    OTTO et al.

dispersal type, seed mass and growth rates. The particular impor-
tance of reproductive traits in governing colonization processes in 
primary succession has been highlighted for both continental and 
island settings (del Moral & Wood, 1993; Greinwald et al., 2021). The 
shifts in time from anemochory to zoochory and from small to large- 
seeded plants are common in primary succession both on islands and 
continents (Franzén et al., 2019; Fuller & del Moral, 2003; Korablev 
et al., 2020; Magnússon et al., 2014; Whittaker et al., 1989). Plant 
richness on young lava flows on La Palma is extremely low and 
the few typical endemic pioneer shrubs (Kleinia neriifolia, Rumex 
lunaria and Schizogyne sericea) are all wind dispersed, while Rumex 
is wind-  and the others animal- pollinated. Endozoochorous shrubs 
(Asparagus plocamoides, Rubia fruticosa) and epizoochorous small 

shrubs (Forsskaolea angustifolia) or grasses are common in mid-  to 
late- successional stages. The very sparse vegetation cover at early 
successional stages leads to a lower presence of lizards and birds 
compared to later successional shrub communities where they can 
hide and act as dispersers of fleshy- fruited plants with larger seeds, 
a mechanism described as positive feedback of endozoochory and 
vegetation structure (Whittaker et al., 1989). There are only a few 
wind- pollinated shrubs in our successional species pool indicating 
that pollination mode might not be a key trait in our study. However, 
where insects are rare, anemophily can represent a reproductive ad-
vantage to entomophily, as in early primary succession or, generally, 
on archipelagos where insect diversity is low (anemophily as island 
syndrome, Whittaker et al., 2023).

F I G U R E  5  Redundancy discriminatory analysis biplot showing the distribution of endemic/non- endemic native plant traits in relation to 
lava flow age and environmental variables (Eigenvalue axis 1: 5.69, eigenvalue axis 2: 0.581. Total variance explained: 42.7%). Cmass, leaf 
carbon content; disp_animal, animal dispersal; disp_un, unassisted dispersal; disp_wind, wind dispersal; LA, leaf area; LDMC, leaf dry matter 
content; Nmass, leaf nitrogen content; poll_animal, animal pollination; poll_wind, wind pollination; SLA, specific leaf area; SM, seed mass; 
SOM, soil organic matter; SSD, stem specific density.

 13652745, 2025, 6, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2745.70033 by M

artin L
uther U

niversity H
alle-W

ittenberg, W
iley O

nline L
ibrary on [18/08/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



    |  1485OTTO et al.

The early successional ruderal endemic shrubs mentioned 
above have been termed “vaccine species” due to the important 
role they play in preventing the spread of invasive plants during 
primary and secondary succession and, in this way, strength-
ening the resistance of Canarian ecosystems against invasion 
(Fernández- Palacios et al., 2023). Those endemic shrubs often 
become invasive when introduced to other parts of the world, 
such as in the Mediterranean region (Villar- García et al., 2008). 
The fact that introduced species are almost absent and do not 
significantly alter successional trajectories on lava flows on the 
Canary Island might be related to strong environmental filtering 
(Bernardos et al., 2023; Cabrera Rodríguez, Otto, & Fernández- 
Palacios, 2022; Irl et al., 2019) and the evolutionary process of 
filling the island niche space with endemic pioneer species able 
to outcompete invasives (Fernández- Palacios et al., 2023). 

However, on other, more humid oceanic islands, such as Hawaii 
or La Réunion, invasives have been reported to colonize recent 
lava flows and strongly affect compositional change and diversity 
pattern during primary succession (Potgieter et al., 2014; Vitousek 
et al., 1987). Future trait- based studies might provide new insights 
into invasion and succession processes on islands.

Intraspecific variation in leaf traits has been detected along 
successional gradients, suggesting that local adaptation may 
also characterize plant communities (Alves et al., 2021), gen-
erally depending on the type of habitat and the selected trait 
(Lepš et al., 2011; Zheng et al., 2022). Nevertheless, other stud-
ies on forest secondary succession did not observe any import-
ant role of intraspecific trait variability on community assembly 
(Chai et al., 2019). Although species trait mean values used in our 
CWM approach capture intraspecific trait variation in relation to 

F I G U R E  6  Changes of functional diversity of endemic/non- endemic native species during primary succession on La Palma Island. 
Functional richness, functional dispersion and functional beta diversity (total and only replacement) along the chronosequence. Different 
letters indicate significant differences (p < 0.05) between age groups.
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1486  |    OTTO et al.

environmental variation on an island scale, uncertainty exist on 
how intraspecific trait shifts along the successional gradient, not 
accounted for in the present study, may influence our results and 
lead to a potential misinterpretation. However, we suggest that 
compositional change and not intraspecific variation count for 
most of the overall trait variation in our system. A recent study 
covering the same habitat and island revealed that within- species 
variability in leaf area and leaf thickness along an environmental 
gradient explained almost no overall trait variation supporting our 
idea (Hanz et al., 2022).

4.3  |  Functional diversity

In the present study, functional richness, reflecting overall com-
munity niche space, increased with lava flow age. Similar results 
were reported for primary succession in continental regions 
(Greinwald et al., 2021). Furthermore, functional richness is 
usually strongly associated with species richness as in our case 
(Karadimou et al., 2018). We observed that communities in the 
second phase of primary succession showed consistently higher 
values of functional dispersion indicating a shift from trait con-
vergence to divergence (Mouchet et al., 2010). Trait convergence 
usually results from abiotic filtering selecting for species with 
shared adaptations to a particular habitat, common in the early 
successional stage (Weiher & Keddy, 1995), while biotic interac-
tions such as competition and facilitation lead to niche differ-
entiation and functional divergence at late- successional stages 
(Mason et al., 2013). Moreover, our results of total functional beta 
diversity suggest that the trait composition of successional com-
munities became more similar with time. However, this change is 
related to differences in richness since trait replacement was con-
stant along the chronosequence and cannot be interpreted as trait 
convergence.

Overall, the harsh environmental conditions during early suc-
cession (Cabrera Rodríguez, Otto, & Fernández- Palacios, 2022) 
function as a strong abiotic filter for community assembly allowing 
only for a few shrubs with ruderal traits, joined by a few grasses 
and annuals, to colonize recent lava flows (<300 years). The next 
successional stage, which could be termed the transition stage, on 
older lava flows (0.3–1 Ka) is characterized by communities with a 
high variation both in taxonomic and functional richness as well as 
in vegetation structures. Depending on micro- environmental condi-
tions, soil nutrient and vegetation development favour colonization 
of species with different traits. Hence, a general increase in both the 
number of species and trait combinations can be observed. The third 
successional stage refers to older lava flows (>1 Ka) where functional 
diversity seems to be already saturated although species richness 
and vegetation cover still increase. Interestingly, here, communi-
ties resemble functionally, but not structurally mature communities 
since their biomass has not yet reached its maximum. The incorpo-
ration of functionally similar species during late- successional stages 
indicates low competitive forces in community assembly.

5  |  CONCLUSIONS

In general, our study system reflects a directional succession gov-
erned by strong abiotic selection of functional traits in the early 
stages followed by a gradual modification of the environment and 
an expansion of the niche space linked to the complementary ef-
fect based on functional differentiation mainly driven by facilitation 
(Mori et al., 2017). Interspecific competition between dominating 
shrubs like Euphorbia and Retama might exist at late- successional 
stages, but species accumulation and not competitive exclusion of 
species characterize the second phase of succession, supporting the 
tolerance model of succession (Connell & Slatyer, 1977). While the 
analysis of functional traits suggests a shift from convergence to 
divergence, the change in floristic composition supported conver-
gence during primary succession where colonization is stochastic at 
the beginning and few endemic shrubs dominate late stages (Cabrera 
Rodríguez, Otto, & Fernández- Palacios, 2022). Hence, differences 
between the taxonomic and functional perspective of community 
assembly might exist (Fukami et al., 2005). Interestingly, endemic 
shrubs drive the trait shifts from acquisitive to conservative strategy 
and from anemochory to zoochory along the entire chronosequence 
while other life forms only contribute to functional diversity high-
lighting the importance of evolutionary processes in shaping plant 
functional traits on oceanic islands.
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Floristic data are deposited in the Mendeley Data repository, V1, 
https:// doi. org/ 10. 17632/  wbbf7 b6xby. 1 (Cabrera Rodríguez, Otto & 
Fernández- Palacios, 2022).
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