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Assembly of functional diversity in an 
oceanic island flora

Martha Paola Barajas Barbosa1,2,3 ✉, Dylan Craven4,5, Patrick Weigelt1,6,7, Pierre Denelle1, 
Rüdiger Otto8, Sandra Díaz9, Jonathan Price10, José María Fernández-Palacios11 & 
Holger Kreft1,6,7

Oceanic island floras are well known for their morphological peculiarities and exhibit 
striking examples of trait evolution1–3. These morphological shifts are commonly 
attributed to insularity and are thought to be shaped by the biogeographical processes 
and evolutionary histories of oceanic islands2,4. However, the mechanisms through 
which biogeography and evolution have shaped the distribution and diversity of plant 
functional traits remain unclear5. Here we describe the functional trait space of the 
native flora of an oceanic island (Tenerife, Canary Islands, Spain) using extensive field 
and laboratory measurements, and relate it to global trade-offs in ecological strategies. 
We find that the island trait space exhibits a remarkable functional richness but that 
most plants are concentrated around a functional hotspot dominated by shrubs with 
a conservative life-history strategy. By dividing the island flora into species groups 
associated with distinct biogeographical distributions and diversification histories, 
our results also suggest that colonization via long-distance dispersal and the interplay 
between inter-island dispersal and archipelago-level speciation processes drive 
functional divergence and trait space expansion. Contrary to our expectations, 
speciation via cladogenesis has led to functional convergence, and therefore only 
contributes marginally to functional diversity by densely packing trait space around 
shrubs. By combining biogeography, ecology and evolution, our approach opens new 
avenues for trait-based insights into how dispersal, speciation and persistence shape 
the assembly of entire native island floras.

Oceanic islands have attracted great interest in biogeography6,7 and 
serve as natural laboratories to study the assembly of floras and  
faunas8,9. Empirical tests of fundamental concepts in ecology and evo-
lution using islands as model systems2,10 assume that the results can 
be generalized to non-island contexts. Yet, a long-standing paradigm 
in island biogeography centres on the notion that insularity, as well 
as environmental factors linked to the ontogeny of oceanic islands, 
lead to evolutionarily unique11,12 and functionally distinct13,14 biota. 
These assumptions raise the question of how distinct—or similar—
oceanic island biota are compared with other ecosystems around the  
world.

In contrast to neutral theories, such as the equilibrium theory of 
island biogeography10, in which all species have the same chance to 
arrive on and colonize an island, a trait-based perspective leverages 
differences in ecological strategies among species determined by 
functional traits to disentangle the processes that have shaped island 
biota4,5. In functional ecology and functional island biogeography5,15,16, 

differences among species are quantified using morphological and 
physiological characteristics that impact how plants respond to envi-
ronmental factors, affect other trophic levels and influence ecosystem 
properties17,18. Trait syndromes and trait coordination among indi-
vidual traits reflect fundamental ecological strategies that structure 
plant life from individuals to species assemblages. This includes the 
conservative–acquisitive continuum captured by the leaf econom-
ics spectrum19,20 and the size continuum (the stature of whole plants 
and seed mass, size and volume), which, together, define essential 
functional dimensions of seed plants (for example, the global spec-
trum of plant form and function, sensu21). Functional traits are also 
used to estimate functional diversity21, which quantifies the diver-
sity and distribution of ecological strategies in an assemblage22 and 
can help to identify the factors that shape an assemblage, such as 
environmental conditions23,24 or dispersal filters12. Biogeographical, 
ecological and evolutionary forces may either expand or constrain 
trait space, thereby driving functional divergence or convergence25,26. 
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However, shortfalls in trait and distribution data27,28 usually restrict the 
geographical extent, spatial grain and taxonomic coverage of such 
studies, leading to an incomplete and potentially biased understand-
ing of the factors that underpin trait space, across multiple spatial  
scales.

Crossing large expanses of ocean and adapting to island environ-
ments represents a considerable challenge for plants, probably filtering 
species with trait values that enhance dispersal, establishment and 
persistence12,15 (but see ref. 29). Long-distance dispersal is expected to 
constrain island trait spaces compared with trait spaces of the source 
pools, leading to functional convergence, in which species share similar 
trait combinations. By contrast, evolutionary events, such as speciation 
via lineage splitting (cladogenesis30) or via gradual evolution of spe-
cies (anagenesis31) are expected to expand trait space32 by generating 
novel trait combinations that fill previously untapped trait space. In 
addition, the heterogeneous environments of oceanic islands33 cre-
ate ecological opportunities (that is, empty niche space)11 for plants 
that could promote divergence of new trait combinations. Adaptive 
island radiations, such as the Hawaiian lobeliads, involve dramatic 
morphological shifts34, yet the relative importance of biogeographical 
and evolutionary processes in shaping trait diversity and ecological 
strategies on oceanic islands remains elusive.

Here we studied the native seed plant flora of Tenerife (Canary 
Islands, Spain), an iconic oceanic island located in the Macaronesian 
meta-archipelago and an ideal natural laboratory35 to test how bioge-
ography and evolution can affect island functional diversity. Tenerife 
exhibits environmental gradients from arid coastal succulent scrub 
vegetation to humid laurel forests and high-elevation vegetation36, 
and contains spectacular examples of insular radiations32. The native 
seed plant flora of Tenerife is well studied and includes 436 native seed 
plants37. Of these species, we have measured up to eight functional plant 
traits that cover a total of 80% of the species–trait combinations of all 
native seed plants (Extended Data Fig. 1a). We first explored matches 
and mismatches in trait syndromes between the native flora of Tener-
ife (that is, 348 species, with 95% coverage of species–trait combina-
tions; Extended Data Fig. 1b) and the global spectrum in plant form 
and function21 (Fig. 1). We then evaluated how biogeographical and 
evolutionary processes may have shaped the functional diversity of the 
flora of Tenerife by assessing the contribution of five species groups, 
which are associated with different dispersal and speciation mecha-
nisms, to the overall island trait space (Fig. 2b–f): (1) non-endemic 
native species, which represent species that colonized the Canaries via 
long-distance dispersal without undergoing subsequent speciation38, 
(2) Macaronesian endemic species, which are primarily associated with 
‘relictualization’, a process that results from the survival of formerly 
widespread species on islands following the extinction of mainland 
populations, as well as speciation39, (3) Canary Islands endemic species, 
which mainly represent speciation and inter-island dispersal across the 
archipelago, and (4) Tenerife endemic species, which represent in situ 
speciation and dispersal only within the island. As a fifth group, we also 
considered (5) cladogenetic species, an endemic group that is com-
posed of immigrant lineages that diversified within the Macaronesian  
meta-archipelago.

An oceanic island flora fits within the global functional 
spectrum
Comparing the variation of traits in the native flora of Tenerife with 
the global spectrum of plant form and function21 (Fig. 1 and Extended 
Data Fig. 2a,b), we found a considerable overlap between the island 
trait space and the global trait space (Sørensen similarity coefficient 
of 0.74, based on hypervolume overlap for both trait spaces; Extended 
Data Fig. 2c; see also the large overlap in distribution along principal 
component analysis axis 2 in Fig. 1). This suggests a remarkable diver-
sity of different trait combinations and ecological strategies present 

on the island and that plants on Tenerife largely experience similar 
constraints to plants on continents. However, the density distribution 
of the trait space in Tenerife deviates from the global one along the first 
trait space dimension (Fig. 1). The majority of island species are located 
between the two global functional hotspots, that is, small-statured, 
light-seeded herbaceous plants and tall, heavy-seeded trees21. The 
position of the species of Tenerife in relation to the global trait space 
indicates the dominance of shrubs and the underrepresentation of 
both small herbs and tall trees in the island flora (Figs. 1 and 2a). Most 
of the plants in Tenerife have a small-to-intermediate stature (average 
plant height of 2 m), moderate stem density (average stem specific 
density of 0.46 mg mm−3), light seeds (average seed mass of 19 mg) 
and leaves with intermediate size, leaf mass per area (LMA) and nitro-
gen content (average of leaf area of 3.5 mm2, LMA of 94 g m−2 and leaf 
nitrogen content of 19 mg g−1, respectively) (Fig. 2a and Extended Data  
Fig. 3a,b).

The Mediterranean climate of Tenerife (Extended Data Fig. 4a) is 
marked by seasonal summer droughts and high aridity at low and high 
elevations and therefore tends to favour shrubs40,41. Aridification across 
the Canary Islands started 7 million years ago41, which coincides with 
the emergence of a large proportion of shrubby plants (80% of insular 
lineages on the Canary Islands are woody41,42, with Tenerife contribut-
ing to approximately half of Canarian woody species3). The higher 
stem-specific density of shrubs than herbaceous species decreases 
the risk of hydraulic failure42,43. In addition, sclerophylly and more 
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Fig. 1 | Trait space of the native flora of Tenerife fits within the global trait 
space and is subject to similar constraints to the global trait space but is 
biased towards medium-statured species with intermediate trait values 
(shrubby functional hotspot). The trait space of the native seed plant species 
of Tenerife (348 species; turquoise dots) in relation to the global spectrum of 
plant form and function (2,274 species; grey dots21). Projections of the first two 
dimensions of variation from a principal component (PC) analysis (trait data 
are log transformed) of six plant functional traits: leaf area (mm2), LMA (g m−2), 
leaf nitrogen content (leaf N; mg g−1), maximum plant height (height; m), stem 
specific density (stem density; mg mm−3) and seed mass (mg). The density 
distributions of the first and second dimensions of island and global trait spaces 
are displayed on the upper and right sides of the trait spaces. The overlap 
between island and global trait spaces is 74%, as measured by the Sørensen 
index. For details on the PC analysis and overlap statistics, see Extended  
Data Fig. 2.
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conservative resource use strategies of shrubs, represented by high 
leaf dry matter content and LMA, lead to greater persistence in arid 
environments. Succulence, another key adaptation to aridity, is also 
well represented in the Canary Islands44 (see leaf thickness; Fig. 2a) and 
is strongly coordinated with traits associated with persistence, that is, 
LMA and stem density (Fig. 2a).

The dominance of shrubby species on Tenerife is also consistent with 
the idea that small herbaceous colonizers gradually evolve into taller 
plants with increased stem density to avoid competition with other 
species3,45. Yet, recent research suggests that the evolution of many Ten-
erife shrub species and the subsequent increase in shrubbiness has 
mostly occurred in steep canyons and high-elevation ecosystems46, 
where conditions are unfavourable for trees and competition with taller 
plants is low. The underrepresentation of tall plants in the trait space 
for Tenerife reflects the comparatively low number of tree species, 
which are restricted to thermophilous woodland ecosystems, laurel 
forest and pine forests, compared with shrubs. Overall, the functional 

dominance of shrubs observed here is evidence of shrubbiness as a 
general syndrome for Tenerife. This syndrome drives the main diver-
gence of the island trait space from the global trait space, and reflects 
the limited range in climatic conditions of the island, whereas the global 
trait space represents the capacity to persist and adapt to a wider range 
of conditions (Extended Data Fig. 4a).

Biogeography and evolution have jointly shaped island 
plant trait space
We analysed the relationship of eight plant functional traits (Fig. 2a and 
Extended Data Fig. 3) for the five species groups (Fig. 2b–f) and found 
that trait spaces of almost all groups are highly aggregated in the centre 
of the island trait space. The trait space of non-endemic native species 
(Fig. 2b) encompasses a large range of trait combinations, which are 
distributed across the island trait space, that is, from light-seeded, short 
plants to tall plants with heavy seeds (ranging from 0.01 to 230 mg seed 
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Fig. 2 | Imprint of biogeography and evolution on the trait space of Tenerife 
native flora. a–f, Tenerife native flora trait space (a) and dissection into five 
distinct species groups (b–f), illustrating the imprint of biogeography and 
evolution on the functional diversity of an oceanic island flora (n = 348 species). 
Traits included are leaf dry matter content (LDMC; mg g−1), LMA, leaf N, leaf 
thickness (mm), stem specific density, seed mass and maximum plant height. 
Projections are of the first two dimensions of variation from the PC analysis 
(trait data are log transformed and scaled) of eight plant functional traits. 

Contours are built using 2D kernel density estimation. Gradient legends 
(bottom-left side) correspond to the proportion of data contained in a contour 
break (see details on the PC analysis; Extended Data Fig. 3). In part b, iconic plant 
species from the native flora of Tenerife, each belonging to the species groups 
and illustrating different aspects of the island trait space are shown (right). 
NEN, non-endemic native species. Botanical and human hand illustrations, 
credit: Paulina Mocna.
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mass and 0.1 to 20 m plant height), as well as plants covering large parts 
of the leaf economics spectrum (ranging from 20 to 544 g m−2 LMA and 
5 to 45 mg g−1 leaf nitrogen content). Canary endemic species (Fig. 2d) 
also have a large range of trait combinations, but the trait space is highly 
dominated by shrubs and extends towards species with high leaf thick-
ness, a trait associated with drought tolerance. The trait space of Canary 
endemic species also extends along the LMA and leaf nitrogen content 
continuum, and includes both conservative and acquisitive ecologi-
cal strategies. The trait space of Tenerife endemic species (Fig. 2e) is 
mainly dominated by shrubs and succulent species. By contrast, the 
trait space of Macaronesian endemic species (Fig. 2c) has a distribu-
tion associated with the prevalence of both shrubs and trees. Trait 
combinations of tree species within the Macaronesian endemic spe-
cies, for example, Laurus novocanariensis with its large stature and 
seed mass (25 m and 600 mg, respectively), have not emerged from 
in situ speciation but rather from the relictualization of laurel forests, 
an ecosystem that is largely extinct on the mainland39. Finally, cladoge-
netic species (Fig. 2f) also occur in the centre of the island trait space, 
with most species having intermediate stature, light seeds and thick 
leaves with low leaf dry matter content (typical for succulent leaves). 
Trait spaces of cladogenetic species and Tenerife endemic species 
are similar, as most Tenerife endemic species emerged via clado-
genesis (76 out of 85 Tenerife endemic species (89.4%) belong to a  
radiated lineage).

Biogeography and evolution leave imprints on island 
functional diversity
To capture different aspects of trait distributions among all five spe-
cies groups, we investigated three different components of functional 
diversity: functional richness, functional evenness and functional dis-
persion26 (Fig. 3a). Furthermore, we assessed the contribution, that 
is, whether a group increases island trait space, and the uniqueness 
of each group within the island trait space by calculating functional 
contribution and originality26 (Fig. 3b,c).

We found that functional richness (Fig. 3a), that is, the total amount 
of trait space23, and functional dispersion (Fig. 3a), that is, the func-
tional divergence or convergence of species within a trait space, 
exhibit a similar pattern among species groups and are highest for 
non-endemic native species and Canary Islands endemic species. The 
significant functional contribution of non-endemic native species 
(Fig. 3c) indicates that the group possesses unique trait combinations 
and expands the trait space of Tenerife. By contrast, we found that 
Tenerife endemic species have the lowest functional richness and dis-
persion among all groups (Fig. 3a). This contrasting pattern emerges 
because several non-endemic native species and Canary endemic spe-
cies occupy the margins of the island trait space (that is, small herbs, 
tall shrubs and trees), whereas Tenerife endemic species are mainly 
found in the centre of the island trait space (that is, shrubs and small 

3.6

3.7

3.8

0.26

0.28

0.30

0.32

0.34

0.36

100

110

120

130

140

150

O
rig

in
al

ity

a b

c

NEN

C
on

tr
ib

ut
io

n

0
0.5
1.0
1.5
2.0

1.5

2.0

2.5

3.0

C
on

tr
ib

ut
io

n
Fu

nc
tio

na
l r

ic
hn

es
s

Fu
nc

tio
na

l e
ve

nn
es

s

Fu
nc

tio
na

l d
is

p
er

si
on

O
rig

in
al

ity

0

0.5

1.0

1.5

2.0

0

0.5

1.0

1.5

2.0

0

0.5

1.0

1.5

2.0

0

0.5

1.0

1.5

2.0

0

0.5

1.0

1.5

2.0

1.5

2.0

2.5

3.0

1.5

2.0

2.5

3.0

1.5

2.0

2.5

3.0

1.5

2.0

2.5

3.0

1.5

2.0

2.5

3.0

a b a a a a b a b a

a a a b a a b a b a

a ab
d

a a

b

M
AC CE TE CLA Null

NEN
M

AC CE TE CLA Null
NEN

M
AC CE TE CLA Null

NEN
M

AC CE TE CLA

bc
cd

a

b

NEN

Non
-N

EN
M

AC

Non
-M

AC CE

Non
-C

E TE

Non
-T

E
CLA

Non
-C

LA

NEN
M

AC CE TE CLA

NEN

Non
-N

EN
M

AC

Non
-M

AC CE

Non
-C

E TE

Non
-T

E
CLA

Non
-C

LA
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to the functional diversity of the native flora of Tenerife. Species groups  
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across the five different groups. Letters refer to differences across species 

groups (Kruskal–Wallis test; identical letters indicate no significant differences 
P > 0.05). c, Functional contribution and originality of each species group in 
comparison to all other island species. The different letters indicate that a 
species group has significantly higher or lower functional contribution or 
functional originality than other species on the island (Kruskal–Wallis test, 
P < 0.05). Functional diversity metrics are based on hypervolumes estimated 
from the three first PCs using eight plant functional traits (see PC analysis in 
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largest and lowest value, respectively, no further than 1.5 times the interquartile 
range from the hinge.



Nature | www.nature.com | 5

succulents) (Figs. 2 and 3a). Non-endemic natives such as the up to 
20-m-tall dragon tree, Dracaena draco, and Canary endemic species 
such as Cytisus supranubius (Fig. 2; plant illustration 3), a 4-m-tall shrub 
with very dense stems (stem specific density of 0.7 mg mm−3), at the 
margins of the trait space for Tenerife, are examples of species with 
unique trait combinations that expand the island trait space. Overall, 
the notable high functional richness and dispersion of non-endemic 
native species (Fig. 3a) suggest that colonization via long-distance 
dispersal leads to greater functional divergence—and not functional 
convergence as expected—due to environmental filtering of the flora 
of Tenerife. The relatively high functional diversity of Canary Islands 
endemic species is consistent with the idea that insular species evolve 
new morphological characteristics to take advantage of unoccupied 
niche space, thereby avoiding interspecific competition47. The high 
habitat diversity of the Canary Islands48, together with inter-island 
dispersal, provide ecological opportunities for species and can  
promote speciation. Conversely, Tenerife endemic species are func-
tionally quite similar; these species occupy similar island habitats, 
have a low degree of niche differentiation and have probably emerged 
via allopatric speciation46. These results are supported by our phylo-
genetic analysis (hot node analysis49), which indicates that Tenerife 
endemic species are, in comparison with the other groups, highly con-
centrated within particular clades (Extended Data Fig. 5). This suggests 
that the unique trait combinations of Tenerife endemic species, which 
underpin persistence and drought tolerance, are phylogenetically  
conserved.

Functional evenness, that is, the regularity of species across the trait 
space, is significantly high for Macaronesian endemic species and 
Canary endemic species (Fig. 3a). The evenness values for Macaronesian 
endemic species indicate that the trait space of this group is evenly 
distributed among trees, shrubs and herbs (Fig. 3c). Furthermore, the 
high functional contribution of non-endemic native species (Fig. 3b,c) 
illustrates that colonization events could contribute disproportionately 
to island trait space by adding unique trait combinations to the island.

Unexpectedly, we found that cladogenetic species did not expand 
the trait space of Tenerife (compare intermediate functional richness 
and dispersion values in Fig. 3a and significantly lower functional 
contribution and originality in Fig. 3b,c). We attribute this result to a 
greater frequency of non-adaptive speciation events relative to adap-
tive speciation events50. Unlike adaptive radiations, in which species 
commonly evolve trait values to cope with changing environmental 
conditions34, non-adaptive radiations50 may not result in shifts in trait 
values because environmental conditions may be similar between 
isolated island populations and the mainland populations that they 
diverge from via genetic drift. This leads to newly evolved species 
that are functionally similar to the ancestral species. Furthermore, 
the uneven trait space of cladogenetic species (compare low functional 
evenness values; Fig. 3a) is consistent with the idea that environmental 
filtering results in convergence around similar trait combinations51. 
The aridification of the Canary Islands created new habitats, yet the 
harsh environmental conditions of these habitats apparently limit 
the number of viable trait combinations48,52,53. We note, however, that 
further analyses, such as ancestral-state reconstructions, are needed to 
test whether endemic species may have shifted trait values in response 
to increasing aridity of the Canary Islands.

How radiated lineages contribute to the island 
functional trait space
To gain insights into how speciation due to radiations may have shaped 
the trait space of Tenerife, we quantified the functional contribution 
and originality of 63 immigrant lineages present on Tenerife to the 
island trait space (Extended Data Fig. 6a,b). This group comprises 195 
species (that is, cladogenetic species) that have radiated on Tenerife, 
Canary Islands and Macaronesia. We found that the Aeonium alliance, 

the most diverse radiated lineage, and the Polycarpaea lineage contrib-
ute significantly to the expansion of the Tenerife trait space. Both the 
Aeonium alliance and Polycarpaea expand the trait space towards small 
plants with thick leaves (Extended Data Fig. 6c), suggesting that species 
in these lineages have evolved trait combinations, such as succulent 
leaves and remarkable size changes that allow them to exploit avail-
able niche space across various different habitats. This result further 
suggests that lineages such as the Aeonium alliance and Polycarpaea 
may have an adaptive origin. By contrast, the vast majority of radi-
ated lineages do not increase the island trait space (Extended Data 
Fig. 6a,b). The minimal contributions of the other, less diverse radiated 
lineages to island trait space might indicate that these radiations are, 
to a large degree, non-adaptive. Yet, it could also indicate that newly 
evolved species appear to be similar to those of co-occurring species, 
but they may have evolved other traits not measured here, for exam-
ple, resprouting capacity, clonality or floral traits that enable them to 
exploit empty niche space16.

We conclude that evolution via different speciation pathways 
(anagenesis and cladogenesis) at the archipelago level, together with 
biogeographical processes such as colonization via long-distance dis-
persal, and inter-island dispersal at the (meta-)archipelago level, have 
jointly shaped the trait space of the native flora of Tenerife. Contrary 
to our hypothesis, cladogenesis tends to lead to functional conver-
gence—not divergence—and therefore only contributes marginally 
to functional diversity. The predominance of shrubbiness and leaf 
succulence across the island flora additionally reflects a strong imprint 
of environmental filtering acting on the trait space of Tenerife. Overall, 
our results shed light on how functional diversity of an oceanic island 
flora emerges from the interaction among biogeographical, ecological 
and evolutionary processes. Our approach offers a first step towards 
better understanding, from a trait-based perspective, the assembly of 
an entire native island flora.
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Methods

Tenerife as a model system
Tenerife is the largest (2,058 km²) and tallest (3,715 m above sea level) 
of the Canary Islands, an archipelago that belongs to the Macaronesian 
meta-archipelago, a floristic region off the coast of northern Africa and 
western Europe in the Atlantic Ocean35. The island is of volcanic origin 
and its oldest substrate is about 8 million years old54. Owing to its com-
plex topography, dynamic geological history54 and interaction with the 
northeastern trade wind system, Tenerife has a very high environmental 
heterogeneity and a wide range of different ecozones and habitats55, 
with a predominantly semi-arid environment. We mapped the climate 
of Tenerife onto the main bioclimates of the world56 (Extended Data 
Fig. 4a), using interpolated global mean values for temperature and 
precipitation obtained from ref. 46 and the plotbiomes function in 
the R package plotbiomes57.

Floristic and biogeographical data of Tenerife
The native seed plant flora of Tenerife is composed of 436 native spe-
cies listed in the latest version of the vascular plant species checklist 
of the Canary Islands37. As the native status of several Canary Islands 
species remains unresolved38, we included only species categorized 
as native (that is, ‘nativa segura’ status from the Canary Islands 
plant checklist). We then classified species into five different groups 
according to species endemism status from the checklist37 as fol-
lows: non-endemic native, Macaronesian endemic species, Canary 
Islands endemic species and endemics to Tenerife. The cladogenetic 
species group analysed here is composed of 63 lineages, which have 
mainly radiated across the Canary Islands and some on Tenerife and 
Macaronesia (according to ref. 38); this group contains Macaronesian  
(14 species), Canary (104 species) and Tenerife (76 species) endemic spe-
cies,  and one native non-endemic species (Dracaena draco). Phylog-
enies are available for the vast majority (57 of 63) of the lineages that 
we studied here (see phylogenies references; Data availability). We 
placed species in the remaining six lineages (Fumaria, Lolium, Pimpi-
nella, Pterocephalus, Schizogyne and Scilla), in which morphologi-
cal similarities among island taxa indicate a likely close phylogenetic  
relationship.

Tenerife trait sampling and measurement
We obtained plant trait data from fieldwork campaigns in 2017 and 2018 
in Tenerife. We measured eight plant functional traits for 436 Tenerife 
native seed plant species, covering 80% of all species–trait combina-
tions (Extended Data Fig. 1a). Specifically, we collected and measured 
leaf and stem traits19,20 for approximately 80% and 76%, respectively, of 
all Tenerife native seed plants (350 and 330 species): leaf area (mm2) 
as the one-side surface area of the individual lamina, leaf dry matter 
content (mg g−1) as the leaf dry mass per unit of water-saturated fresh 
mass, LMA (g m−2) as the leaf dry mass per unit of lamina surface area, 
leaf nitrogen content (leaf N; mg g−1) as the nitrogen content per unit of 
lamina dry mass, leaf thickness (mm), and stem specific density (stem 
density; mg mm−3) as the dry mass per unit of fresh stem volume. We 
sampled plants across the entire island at more than 500 locations 
(Extended Data Fig. 4b), covering the full range of elevational and cli-
matic gradients of Tenerife from sea level to 2,700 m above sea level. 
We sampled rare species (when possible) at only one site for conser-
vation reasons and a few rare species (n = 20) in botanical gardens58 
( Jardín de Aclimatación de La Orotava and Campus Universidad de 
La Laguna on Tenerife, and Jardín Botánico Canario Viera y Clavijo in 
Gran Canaria). We confirmed species identity with botanical experts, 
R. Otto and R. Barone, and identification books59. We collected three 
replicates (individuals per species) for 60% of sampled species, one to 
two replicates for 16% of sampled species and four to five replicates for 
6% of sampled species. Our analysis was based on the mean value of a 
trait across replicates for each species.

Trait values for leaves, stems and seeds were measured follow-
ing standardized protocols60. We collected healthy, fully expanded 
sun-exposed leaves from individual plants. Depending on the leaf size, 
we collected between 10 (for more than 1 cm2 leaves) to 100 (for less 
than 1 cm2 leaves) leaves per individual. To measure stem traits and 
ensure that plants were not damaged, we collected samples from the 
first adjacent branch of the main plant stem, when plants were shrubs. 
For small herbs and vines, we collected the plant organ acting as a stem. 
To sample the stem density of trees, we used an increment borer to 
extract a wood core from the bark inward (10-mm diameter core taken at 
approximately 1.2 m above ground). We stored the fresh plant material 
in coolers to prevent dehydration and measured fresh leaf mass using 
an analytical balance (0.01-mg precision from PCB 2500-2 Kern & Sohn) 
within 24 h after collection. Leaf thickness and leaf area (leaves smaller 
than 1 cm2 were scanned at 600 dpi and leaves larger than 1 cm2 at 300 
dpi) were also measured within 24 h after collection. Leaf thickness 
was measured using a digital calliper. Leaf area was calculated using 
WinFOLIA software (version 2016b Pro, Regent Instruments Canada). 
To measure the volume of fresh stems, we first measured their length 
and diameter with a digital calliper. As stems are not perfect cylinders, 
we measured the diameter in three different stem sections and used 
the mean value per stem. We computed fresh stem volume using the 
following formula for cylinders: V = Πr²h, where Π is the constant Pi, r 
is radius, and h is height. We oven-dried leaves and stems at 80 °C for 
48 h, or until a stable weight was reached, and then measured leaf and 
stem dry mass using the same analytical balance. Nitrogen content of 
the dry leaves was determined by a C/N elemental analyser (Vario EL 
III, Elementar).

We measured seed mass (mg) for 74% (322 species) of all native seed 
plants of Tenerife as the dried mass of an individual seed in the field (9 
species) and at the seed bank from the Jardín Botánico Canario ‘Viera 
y Clavijo’ in Gran Canaria (313 species). We counted between 5 and 
200 seeds per species and weighed them using an analytical balance 
(0.001-mg precision). We obtained individual seed mass by dividing 
the total mass of the seeds by the number of seeds. For very small seeds 
(less than 0.1 mm), we calculated seed mass using a test tube containing 
a volume of seeds for which the seed count was known. We obtained 
maximum plant height (height; m), which is the upper boundary of the 
main photosynthetic tissue at maturity in metres, for 97% (421 species) 
of all native species of Tenerife from the literature59.

Measured and missing trait values
We analysed 348 species (Figs. 1 and 2 and Extended Data Fig. 2), that 
is, 80% of the native seed plant flora of Tenerife, for which we were able 
to collect a minimum of five traits per species in the field or extracted 
from the literature. For those 348 species, less than 5% of trait values 
were missing in the species–trait table (Extended Data Fig. 1b), which 
we subsequently filled following the phylogenetic imputation proce-
dure suggested by ref. 61. In total, we imputed trait values including 
the complete Tenerife flora consisting of 436 species, that is, for 20% of 
leaf traits, 27% of stem density, 26% of seed mass and 3% of maximum 
plant height values. To this end, we built a phylogenetic tree including 
Tenerife native species using a dated mega-tree for vascular plants as 
the backbone (GBOTB.extended.tre62). To account for uncertainty 
associated with the placement of species that were absent from the 
mega-tree, we built 100 phylogenetic trees that resolve missing spe-
cies by randomly placing them within genera or family (‘scenario 2’) 
using the phylo.maker function in the R package V.PhyloMaker62. We 
used a random forest algorithm using the missForest function in the 
MissForest R package63 to predict missing trait values. Using out-of-bag 
error, we measured the prediction error of the random forest algorithm 
that included phylogenetic relationships among species against naive 
predictions, which do not include any phylogenetic relationship. We 
found that phylogenetically informed imputation performed better 
than the naive imputation for nearly all traits (Extended Data Table 1). 
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Before analysis, we inspected the distribution of the missing data of the 
348 species used for analysis and within each of the five species groups 
(Extended Data Fig. 1c). We also compared the density distribution 
of each trait for empirical and imputed data (Extended Data Fig. 1d). 
Finally, as closely related species tend to have similar trait values, we 
estimated the phylogenetic signal for each trait with Pagel’s λ using 
the phylosig function in the R package phytools64. We estimated Pagel’s 
λ for each trait across all 100 phylogenetic trees and calculated the aver-
age (Extended Data Table 2). We additionally tested for a phylogenetic 
signal in the missing trait values, for which we calculated the D statistic 
using the function phylo.d in the R package caper65 (Extended Data 
Table 2). The D statistic tests whether missing trait values are phylo-
genetically independent (D = 1) or whether they follow a distribution 
expected under a Brownian motion model of evolution (D = 0). We 
estimated the D statistic for each trait across all phylogenetic trees 
and calculated the average.

Global trait data
We used the global trait data from ref. 21, which includes complete 
empirical measurements for six plant traits (leaf area, LMA, leaf N, seed 
mass, stem density and height) for 2,214 species. We updated the global 
trait data using openly available data from TRY66, which we requested 
for all species available for the six traits on 17 May 2022; we selected 
trait information at the individual level with an error risk below 5, that 
is, z score < 5. After removing duplicate species that were identified 
after name taxonomic standardization67, we added an additional 60 
species with complete information for the six traits from TRY to the 
global trait data. Thus, we compared 2,274 species characterizing the 
global trait space with 348 Tenerife species.

Functional trait space visualization
We performed a principal component analysis (PCA) on the 
log-transformed and z-transformed (centred and rescaled to unit 
variance) mean trait values to map trait spaces. For the comparison 
of Tenerife versus global trait space of plant form and function, we used 
six plant functional traits (Fig. 1). For the detailed analysis of Tenerife 
and the five species groups associated with different dispersal and 
speciation mechanisms (Fig. 2 and Extended Data Fig. 3), we used eight 
plant functional traits (Fig. 2). We used the stat_density_2d function in 
the R package ggplot2 to plot the functional trait spaces68.

Trait space overlap and functional diversity estimation
We used the n-dimensional functional hypervolume approach by  
ref. 69, which more accurately accounts for gaps in the trait space than 
traditional approaches70 and, in doing so, avoids overestimation of 
functional diversity. We used the Gaussian method to build hyper-
volumes, as it is the least sensitive method to variation in bandwidth and 
fits the data loosely, which is suitable for functional diversity estima-
tion69. To estimate the overlap between the global and the island trait 
spaces, we first built hypervolumes for each dataset using the first three 
principal components from the PCA analysis using the global and island 
data combined using six traits (compare Fig. 1). We used a fixed kernel 
bandwidth for both island and global hypervolumes computed using 
estimate_bandwidth (using cross-validation as the kernel estimator 
method) function in the R package Hypervolume70. Second, we calcu-
lated the overlap using the hypervolume_overlap_statistics function in 
the R package Hypervolume71, which estimates the Sørensen similarity 
coefficient (that is, the volume of the intersection of the island trait 
space and the global trait spaces, divided by the volume of the union of 
island and global trait spaces) between the island and global trait spaces 
(compare Fig. 1). To ensure an accurate estimation of the overlap, we 
built a null model that first controls for the difference in species number 
between the global and island datasets, by selecting a minimum com-
mon number of species (n = 300) from each dataset. Second, the null 
model also controls for a potential underrepresentation of shrubs in the 

global trait space, by sampling from the global data according to esti-
mated global proportions of plant growth forms: 54% herbs, 24% shrubs 
and 21% trees71. The null model then computes both island and global 
hypervolumes using random sampling with replacement repeated 999 
times. Last, we computed mean values and 95% confidence intervals 
based on all samples to estimate the overlap (Extended Data Fig. 2d). 
The plant growth form proportions are based on curated information 
from floras, checklists and trait collections for 188,212 plant species 
in GIFT (version 2.1)72, which is approximately 50% of all known extant 
plants. We updated the global data21 by assigning to each species a plant 
growth form, which we obtained for 2,175 species from GIFT72, for 84 
species from ref. 73 and for 15 species from the Internet (for detailed 
information, see the Data availability section). We compared the latter 
null model to a second null model, which only controls for the difference 
in species number by selecting a minimum common number of species 
(n = 300) from both the global and the Tenerife datasets (Extended Data 
Fig. 2d). Finally, to test whether Tenerife species fall within the global 
trait space, we projected the Tenerife trait space following ref. 74 and 
obtained contour lines indicating 0.5, 0.95 and 0.99 quantiles, using 
kernel density estimation (Extended Data Fig. 2c).

For each of the five species groups (non-endemic native species, Mac-
aronesian endemic species, Canary endemic species, Tenerife endemic 
species and cladogenetic species), we estimated three components 
of functional diversity (Fig. 3) based on the hypervolume approach: 
functional richness, evenness and dispersion using the functions ker-
nel.alpha, kernel.evenness and kernel.dispersion, respectively, in the 
R package BAT26. We used a fixed kernel bandwidth for all groups using 
cross-validation as the kernel estimator method. Functional richness 
is the total volume of a trait space. Functional dispersion quantifies 
how spread or dense a given trait space is, by calculating the average 
difference between the trait space centroid and random points (that 
is, randomly placed species) within the boundaries of the hypervol-
ume26. Functional evenness quantifies how regular a given trait space 
is, by calculating the overlap between the observed hypervolume and 
a theoretical, perfectly even hypervolume26. The hypervolumes for 
each group were calculated using the three principal components from 
the PCA ran with the island data using the eight traits (Fig. 2). Because 
functional diversity metrics are commonly affected by the number of 
species75, we used null models to obtain an unbiased comparison of 
the functional diversity metrics across the five groups. To this end, we 
selected a minimum common number of species (n = 30) across the 
five groups, which we randomly sampled 999 times with replacement, 
and calculated the three functional diversity metrics each time. We 
additionally tested whether the functional diversity metrics per group 
were higher (that is, species functionally diverge) or lower (that is,  
species functionally converge) than expected by chance. To this end, 
we estimated the three metrics for a null group composed of 30 spe-
cies randomly selected 999 times from the island species pool. Thus, 
if a group has lower or higher value than the null group, it indicates 
functional convergence or divergence, respectively. We computed 
mean values and 95% confidence intervals from all samples to compare 
functional diversity metrics across groups (Fig. 3a).

To estimate the functional contribution (whether a group increases 
island trait space) and originality (a group with high originality value 
has unique trait combinations relative to the island trait space) of the 
five groups to the island trait space, we calculated functional contribu-
tion26 as the net contribution of each single species to the total island 
hypervolume, and functional originality26, as the average dissimilarity 
difference between a given species and a sample of random points 
(10% of the total random points) within the boundaries of the island 
hypervolume26. First, we assessed the differences of functional con-
tribution and functional originality across species groups (Fig. 3b). 
Second, we assessed the functional contribution and originality of 
each species group to the island trait space by plotting the functional 
contribution and functional originality values of a given group against 



all other species that do not belong to the group (Fig. 3c). We used 
Kruskal–Wallis tests (P < 0.05) to assess differences among the first 
and second principal components of the trait spaces of each group 
(Extended Data Fig. 3c), and to test the statistical significance of the 
functional contribution and originality of each species group (Fig. 3b,c), 
as well as those of 63 radiated lineages (Extended Data Fig. 6), to the 
island trait space. For the test, we used the kruskal function in the  
R package agricolae76.

Phylogenetic ‘hot node’ analysis
To discern whether traits of any of the five species groups associ-
ated with different dispersal and speciation mechanisms have low 
or high functional differentiation, we performed a hot node analysis 
following ref. 49, which identifies clades (that is, nodes) with more 
species in a group than expected by chance (Extended Data Fig. 5). 
For each group i, the number of species assigned to i that descended 
from each node j of the phylogeny k was counted. We compared this 
value to a null distribution of values by randomly assigning trait values 
across the tips of the phylogeny k 1,000 times, and then calculated 
standardized effect sizes (SESs) for each node j of k. We considered 
nodes to be ‘hot’ if their SESs was greater than 1.96, for nodes that 
had at least 10 species and if their SESs exceeded 1.96 in at least 50 of 
the 100 sample trees49. We performed this analysis for all five species  
groups.

Finally, to test for the robustness of our analyses (that is, Figs. 2 and 3)  
to trait imputation, we performed a sensitivity analysis using only 
those species (n = 237) with complete empirical data for all eight 
traits (Extended Data Fig. 7). This sensitivity analysis revealed that the  
patterns for the 348 species (that is, 5% imputed traits) and the 237 
species with complete empirical information were qualitatively  
similar. We performed all statistical analysis and data visualization 
using R software version 4.1.0 (ref. 77).

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
The trait data and floristic information of the species are available in a Fig-
share repository (https://doi.org/10.6084/m9.figshare.22355065.v1).  
Source data are provided with this paper.

Code availability
The analysis and data visualization performed in R software are avail-
able in a Figshare repository (https://doi.org/10.6084/m9.figshare. 
22355065.v1).
 
54. Troll, V. R. & Carracedo, J. C. The Geology of the Canary Islands (Elsevier, 2016).
55. Fernández-Palacios, J. M. & Nicolás, J. P. Altitudinal pattern of vegetation variation on 

Tenerife. J. Veg. Sci. 6, 183–190 (1995).
56. Ricklefs, R. E. The Economy of Nature (WH Freeman, 2008).
57. Stefan, V. & Levin, S. plotbiomes: Plot Whittaker biomes with ggplot2. R version 0.0.0.900 

https://doi.org/10.5281/zenodo.7145245 (2022).
58. Perez, T. M. et al. Botanic gardens are an untapped resource for studying the functional 

ecology of tropical plants. Phil. Trans. R. Soc. B 374, 20170390 (2019).

59. Muer, T., Sauerbier, H. & Calixto, F. C. Die Farn-und Blütenpflanzen der Kanarischen Inseln 
(Margraf Publishers GmbH, 2016).

60. Pérez-Harguindeguy, N. et al. Corrigendum to: New handbook for standardised 
measurement of plant functional traits worldwide. Aust. J. Bot. 64, 715 (2016).

61. Penone, C. et al. Imputation of missing data in life-history trait datasets: which approach 
performs the best? Methods Ecol. Evol. 5, 961–970 (2014).

62. Jin, Y. & Qian, H. V.PhyloMaker: an R package that can generate very large phylogenies for 
vascular plants. Ecography 42, 1353–1359 (2019).

63. Stekhoven, D. J. & Bühlmann, P. missForest: nonparametric missing value imputation using 
Random Forest. R version 1.3 https://cran.r-project.org/web/packages/missForest/index.
html (2012).

64. Revell, L. J. phytools: an R package for phylogenetic comparative biology (and other things). 
Methods Ecol. Evol. 3, 217–223 (2012).

65. Orme, D. et al. The caper package: comparative analysis of phylogenetics and evolution 
in R. R version 5, 1-36 https://search.r-project.org/CRAN/refmans/caper/html/caper- 
package.html (2013).

66. Kattge, J. et al. TRY plant trait database—enhanced coverage and open access. Glob. Chang. 
Biol. 26, 119–188 (2020).

67. Maitner, B. & Boyle, B. TNRS: taxonomic name resolution service. R version 0.3.0 https://
CRAN.R-project.org/package=TNRS (2022).

68. Wickham, H. ggplot2: Elegant Graphics for Data Analysis (Springer Cham, 2016).
69. Blonder, B. Hypervolume concepts in niche- and trait-based ecology. Ecography 41,  

1441–1455 (2018).
70. Villéger, S., Mason, N. W. H. & Mouillot, D. New multidimensional functional diversity 

indices for a multifaceted framework in functional ecology. Ecology 89, 2290–2301 
(2008).

71. Blonder, B. R package (v 2.0.12): hypervolume: high dimensional geometry and set 
operations using kernel density estimation, support vector machines, and convex hulls. 
https://search.r-project.org/CRAN/refmans/hypervolume/html/hypervolume-package.
html (2019).

72. Weigelt, P., König, C. & Kreft, H. GIFT—a global inventory of floras and traits for macroecology 
and biogeography. J. Biogeogr. 47, 16–43 (2020).

73. Joswig, J. S. et al. Climatic and soil factors explain the two-dimensional spectrum of global 
plant trait variation. Nat. Ecol. Evol. 6, 36–50 (2022).

74. Segrestin, J. et al. PhenoSpace: a shiny application to visualize trait data in the phenotypic 
space of the global spectrum of plant form and function. Ecol. Evol. 11, 1526–1534 (2021).

75. Schleuter, D., Daufresne, M., Massol, F. & Argillier, C. A user’s guide to functional diversity 
indices. Ecol. Monogr. 80, 469–484 (2010).

76. De Mendiburu, F. Agricolae: statistical procedures for agricultural research. R version 1.1-4 
https://cran.r-project.org/web/packages/agricolae/index.html (2014).

77. R Core Team. R: A Language and Environment for Statistical Computing. http://www.R- 
project.org/ (R Foundation for Statistical Computing, 2021).

Acknowledgements M.P.B.B. and H.K. acknowledge funding from the German Research 
Foundation (DFG) Research Training Group 1644 ‘Scaling Problems in Statistics’, grant no. 
152112243. D.C. acknowledges funding from the Agencia Nacional de Investigación y 
Desarrollo (Chile; FONDECYT Regular no. 1201347). We thank the Jardín Botánico Canario 
‘Viera y Clavijo’ in Gran Canaria for allowing measurements in the seed bank as well as for the 
samples taken of rare species that were not possible to find in the field; N. Straßburger, M. V. 
Rodríguez, A. A. Diez, B. Bhattarai, M. Mulligan and W. Osterman for invaluable assistance in 
the field and in the laboratory; B. Ø. Hansen for his helpful programming advice; R. Barone for 
assisting with plant identification and fieldwork; and G. Ottaviani, P. Gaüzère and L. Valente for 
providing valuable comments that improved our work immensely.

Author contributions H.K. conceived the initial idea. M.P.B.B., D.C., P.W. and H.K. further 
developed the concepts and designed the research. M.P.B.B. collected and measured plant 
traits and performed the statistical analysis. D.C. and P.D. contributed to the statistical analysis. 
R.O. and J.M.F.-P. supported the fieldwork logistics and execution, that is, plant trait data 
collection and species identification. J.P. curated lineage information. S.D. supported trait data 
curation and writing the discussion. All authors contributed to the interpretation of the results 
and the writing of the paper.

Competing interests The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material available at 
https://doi.org/10.1038/s41586-023-06305-z.
Correspondence and requests for materials should be addressed to Martha Paola Barajas 
Barbosa.
Peer review information Nature thanks Pierre Gaüzère, Gianluigi Ottaviani and Luis Valente for 
their contribution to the peer review of this work. Peer reviewer reports are available.
Reprints and permissions information is available at http://www.nature.com/reprints.

https://doi.org/10.6084/m9.figshare.22355065.v1
https://doi.org/10.6084/m9.figshare.22355065.v1
https://doi.org/10.6084/m9.figshare.22355065.v1
https://doi.org/10.5281/zenodo.7145245
https://cran.r-project.org/web/packages/missForest/index.html
https://cran.r-project.org/web/packages/missForest/index.html
https://search.r-project.org/CRAN/refmans/caper/html/caper-package.html
https://search.r-project.org/CRAN/refmans/caper/html/caper-package.html
https://CRAN.R-project.org/package=TNRS
https://CRAN.R-project.org/package=TNRS
https://search.r-project.org/CRAN/refmans/hypervolume/html/hypervolume-package.html
https://search.r-project.org/CRAN/refmans/hypervolume/html/hypervolume-package.html
https://cran.r-project.org/web/packages/agricolae/index.html
http://www.R-project.org/
http://www.R-project.org/
https://doi.org/10.1038/s41586-023-06305-z
http://www.nature.com/reprints


Article

Extended Data Fig. 1 | Trait data overview and assessment. a. Present 
empirical data and missing data distribution across 100% (n = 436) of Tenerife 
native seed plant species. b. Present empirical data and missing data distribution 
across 80% (n = 348, i.e., species with minimum of five trait values) of Tenerife 
native seed plant species, and c. across five species groups included in the  

main analysis. The missing trait data represented in black, were filled using 
phylogenetically informed imputation (see Methods). Percentages reported 
for each trait refer to the proportion of missing data. d. Density distribution of 
the empirical trait values only, and including imputed trait values for each trait. 
Percentages correspond to the proportion of species with imputed trait values.



Extended Data Fig. 2 | Overview of the principal components explained 
variance of both island and global trait data, and hypervolume overlap.  
a. Percentage of explained variance of the six dimensions of the principal 
component analysis (PCA) based on six plant functional traits of Tenerife’s 
native seed plants and seed plants from across the globe (348 Tenerife and 
2,274 global species). b. Percentage of contributions of each trait to each 
dimension of the PCA. Trait values were z- and log-transformed prior to the 
PCA. c. Tenerife species projected onto the global spectrum of plant form and 
function21, contour lines indicating 0.5, 0.95 and 0.99 quantiles using kernel 
density estimation; PCA protection following74. Note that Tenerife native flora 
falls within the 99% isoline space of the global trait space. d. Estimated overlap, 

i.e., Sørensen index, between the island and global trait space estimated  
via null model (where n = 300 species randomly sampled, from island and 
global data separately, with replacement 999 times) based on hypervolume 
approach (see details in Methods). Null model 1 controls for a potential 
underrepresentation of shrubs in the global trait space by sampling the current 
proportions of growth form sensu72 (see Methods) and for the species richness 
difference between datasets. Null model 2 controls only for the species richness 
difference between both global and Tenerife datasets. In d. dots and error bars 
(not visible here as they are close to the mean) correspond to the mean values 
and 95% confidence intervals.
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Extended Data Fig. 3 | Overview of principal components analysis (PCA)  
for eight plant functional traits (n = 348 species) of Tenerife native seed 
plants. a. Percentage of explained variance of the eight dimensions of the PCA. 
b. Percentage of contributions of each trait to each dimension of the PCA. Trait 
values were log- and scaled. c. Differences among the first and second principal 
component of the trait spaces of different biogeographical groups, Non- 
endemic native species (NEN), Macaronesian endemic species (MAC), Canary 

Islands endemic species (CE), Tenerife endemic species (TE) and cladogenetic 
species (CLA). Identical letters indicate no significant differences (Kruskal- 
Wallis text, P>0.05). Data are represented as boxplots where the middle line is 
the median, the lower and upper hinges correspond to the 25th and 75th 
percentiles, upper and lower whiskers extend from the hinge to the largest and 
lowest value, respectively, no further than 1.5 * IQR from the hinge.



Extended Data Fig. 4 | Tenerife climatic representativity mapped on Whittaker biomes. a. and b. field sites visited in 2017 and 2018 (n = 500), where plant 
material was collected to measure plant functional traits for this study.
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Extended Data Fig. 5 | Hot clades of endemic species of the Macaronesia 
(green), Tenerife (blue) and of native non-endemic species (black) are 
highlighted. Hot nodes indicate clades with more species than expected at 
random. Node corresponds to standard effect size and node transparency  

is scaled by the number of sample trees in which a node was significantly 
overdispersed. Nodes include at least 10 species and occur in at least 50 sample 
trees. Note that the vast majority of hot nodes are among Tenerife endemic 
species.



Extended Data Fig. 6 | Functional contribution and originality of the major 
radiated plant lineages present in Tenerife. a. Functional contribution and  
b. functional originality for the 63 radiated lineages. Note that only Aeonium 
alliance and Polycarpaea lineages (marked with *) are significantly contributing 
to the expansion of Tenerife trait space, as their functional contribution or 
originality are significantly different from other species that do not belong to 
the lineage (results based on Kruskal-Wallis, P < 0.05). Each box plot in magenta 
colour correspond to a lineage; number of species on a lineage (i.e., n numbers) 
are the same in a-b. Each box plot in grey colour corresponds to all island species, 
except for species included in the corresponding compared lineage. In a–b data 

are represented as boxplots where the middle line is the median, the lower  
and upper hinges correspond to the 25th and 75th percentiles, upper and lower 
whiskers extend from the hinge to the largest and lowest value, respectively,  
no further than 1.5 * IQR from the hinge. c. Location of Aeonium alliance and 
Polycarpaea species in the island trait space; lineages extend it towards high 
values of leaf thickness. d. Number of radiated lineages present in Tenerife (31), 
Canary Islands (54) and Macaronesia (14). The 63 major lineages are composed 
of 195 species or 56% of all species included in the main analysis. The 63 lineages 
are nested within the Macaronesia, Canary Islands and Tenerife.
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Extended Data Fig. 7 | Sensitivity analyses using only cases (n = 237 species) 
with complete empirical data for all 8 traits. a. Trait spaces for the native 
flora of Tenerife and dissected into five distinct species groups that illustrate 
the imprint of biogeography and evolution on the functional diversity of an 
oceanic island flora. b. Functional richness, functional dispersion and functional 
evenness were calculated using n-dimensional hypervolumes while controlling 
for the number of species richness for the five groups and for a null group in 

grey, where dots and error bars correspond to the mean values and 95% 
confidence intervals, based on null models (top). Functional contribution and 
originality of each group with respect to the rest of island species (bottom); 
data is represented as boxplots where the middle line is the median, the lower 
and upper hinges correspond to the 25th and 75th percentiles, upper and lower 
whiskers extend from the hinge to the largest and lowest value, respectively, no 
further than 1.5 * IQR from the hinge. See details in Methods.



Extended Data Table 1 | Validation of trait values imputation

Out-of-Bag (OOB) scores are shown in units of the trait they correspond to. The lower the 
value, the better the random forest algorithm performed. Note: Trait values predicted with 
phylogenetic information had, in almost all cases, lower OOB scores, except for LMA predic-
tions.



Article
Extended Data Table 2 | Phylogenetic signal of empirical trait values and phylogenetic signal of missing trait values

A trait has a strong phylogenetic signal if λ>0.80: n refers to the number of species. The D statistic tests whether missing trait values are independent of the phylogeny (D =1) or if they follow a 
distribution expected under a Brownian motion model of evolution (D = 0).
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Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection We obtained plant trait data from fieldwork campaigns in 2017 and 2018 in Tenerife. 
Our collecting permits, no. 33189 and 65306, were issued by Cabildo de Tenerife, the governing body of the island of Tenerife.

Data analysis We performed all statistical analysis and data visualization using open source R software version 4.1.0. Main R packages used are plotbiomes, 
V.PhyloMaker, MissForest, phytools, caper, ggplot2, Hypervolume, BAT, Agricolae. 
We used the software WinFOLIA (Version 2016b Pro, Regent Instruments Canada, 2016) to estimate leaf area. We estimated 
Leaf Nitrogen content with a C/N elemental analyser (Vario EL III, elementar, Hanau, Germany).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and 
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A description of any restrictions on data availability 
- For clinical datasets or third party data, please ensure that the statement adheres to our policy 

 

Plant trait data for Tenerife and floristic information of the species that support the findings of this study are available in Figshare repository: https://
doi.org/10.6084/m9.figshare.22355065.v1. We further used TRY database (requested May 2022) https://www.try-db.org/TryWeb/Home.php, GIFT database 
(requested May 2022) https://gift.uni-goettingen.de/home and Tenerife interpolated mean values for temperature and precipitation (accesed May 2022) https://
datadryad.org/stash/dataset/doi:10.5061/dryad.qrfj6q5fs

Research involving human participants, their data, or biological material
Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation), 
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender not applicable

Reporting on race, ethnicity, or 
other socially relevant 
groupings

not applicable

Population characteristics not applicable

Recruitment not applicable

Ethics oversight not applicable

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting
Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences Behavioural & social sciences  Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Ecological, evolutionary & environmental sciences study design
All studies must disclose on these points even when the disclosure is negative.

Study description We study the functional diversity and its assembly of 80% of native seed plant of the oceanic island Tenerife. 
We quantified functional diversity using eight plant traits.

Research sample Seed native flora, i.e., 348 seed plant species described as certainty native

Sampling strategy Field work campaign across the entire island, covering all elevation gradients of Tenerife. 

Data collection Plant traits were collected in-situ following standard protocols. Plant material were collected by M. Paola Barajas-Barbosa, Rudigger 
Otto and student assistants

Timing and spatial scale Data collection time were July 2017 and Feb-Jun 2008. on the entire Tenerife island.

Data exclusions We excluded Tenerife species with low trait data coverage (i.e., species with minimum 5 traits)

Reproducibility Data and analysis is reproducible, with the data and R code we make available with this submission via Figshare

Randomization We performed Null models assessing island and global trait spaces overlap. As well as Null model results for functional diversity 
indices that test for convergence or divergence. Using the null models resuts, we estimated confidence intervals (alpha level 0.05) to 
assess difference among groups. 

Blinding Our analysis did not required blinding
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Did the study involve field work? Yes No

Field work, collection and transport

Field conditions We collected plant materials following the phonological calendar, in order to obtain plant traits of fully developed individuals

Location Tenerife, canary Islands, Spain

Access & import/export We obtained plant trait data from an extensive fieldwork campaigns in 2017 and 2018 in Tenerife. 
Our collecting permits, no. 33189 and 65306, were issued by Cabildo de Tenerife, the governing body of the island of 
Tenerife. Plant materials were exported to Germany in the EU framework.

Disturbance We collected adjacent / non-vital organs of plants to avoid damage

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Clinical data

Dual use research of concern

Plants

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used not applicable

Validation not applicable

Eukaryotic cell lines
Policy information about cell lines and Sex and Gender in Research

Cell line source(s) not applicable

Authentication not applicable

Mycoplasma contamination not applicable

Commonly misidentified lines
(See ICLAC register)

not applicable

Palaeontology and Archaeology

Specimen provenance not applicable

Specimen deposition not applicable

Dating methods not applicable

Tick this box to confirm that the raw and calibrated dates are available in the paper or in Supplementary Information.

Ethics oversight not applicable
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Note that full information on the approval of the study protocol must also be provided in the manuscript.

Animals and other research organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in 
Research

Laboratory animals not applicable

Wild animals not applicable

Reporting on sex not applicable

Field-collected samples not applicable

Ethics oversight not applicable

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Clinical data
Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration not applicable

Study protocol not applicable

Data collection not applicable

Outcomes not applicable

Dual use research of concern
Policy information about dual use research of concern

Hazards
Could the accidental, deliberate or reckless misuse of agents or technologies generated in the work, or the application of information presented 
in the manuscript, pose a threat to:

No Yes

Public health

National security

Crops and/or livestock

Ecosystems

Any other significant area

Experiments of concern

Does the work involve any of these experiments of concern:

No Yes
Demonstrate how to render a vaccine ineffective

Confer resistance to therapeutically useful antibiotics or antiviral agents

Enhance the virulence of a pathogen or render a nonpathogen virulent

Increase transmissibility of a pathogen

Alter the host range of a pathogen

Enable evasion of diagnostic/detection modalities

Enable the weaponization of a biological agent or toxin

Any other potentially harmful combination of experiments and agents
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Plants
Seed stocks Plant specimens were collected on across the entire island of Tenerife following protocols (Pérez-Harguindeguy et al 2016). 

Novel plant genotypes not applicable 

Authentication not applicable

ChIP-seq

Data deposition
Confirm that both raw and final processed data have been deposited in a public database such as GEO.

Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links 
May remain private before publication.

not applicable

Files in database submission not applicable

Genome browser session 
(e.g. UCSC)

not applicable

Methodology

Replicates not applicable

Sequencing depth not applicable

Antibodies not applicable

Peak calling parameters not applicable

Data quality not applicable

Software not applicable

Flow Cytometry

Plots
Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation not applicable

Instrument not applicable

Software not applicable

Cell population abundance not applicable

Gating strategy not applicable

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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Magnetic resonance imaging

Experimental design

Design type not applicable

Design specifications not applicable

Behavioral performance measures not applicable

Acquisition
Imaging type(s) not applicable

Field strength not applicable

Sequence & imaging parameters not applicable

Area of acquisition not applicable

Diffusion MRI Used Not used

Preprocessing

Preprocessing software not applicable

Normalization not applicable

Normalization template not applicable

Noise and artifact removal not applicable

Volume censoring not applicable

Statistical modeling & inference

Model type and settings not applicable

Effect(s) tested not applicable

Specify type of analysis: Whole brain ROI-based Both

Statistic type for inference

(See Eklund et al. 2016)

not applicable

Correction not applicable

Models & analysis

n/a Involved in the study
Functional and/or effective connectivity

Graph analysis

Multivariate modeling or predictive analysis

Functional and/or effective connectivity not applicable

Graph analysis not applicable

Multivariate modeling and predictive analysis not applicable
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