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Adaptive radiation is a significant driver of biodiversity. Primarily studied in
animal systems, mechanisms that trigger adaptive radiations remain poorly
understood in plants. A frequently claimed indicator of adaptive radiation in
plants is growth form diversity when tied to the occupation of different habitats.
However, it remains obscure whether morphological adaptations manifest as
growth form diversity per se or as its constituent traits. We use the classic
Aeonium radiation from the Canary Islands to ask whether adaptation across
climatic space is structured by growth form evolution. Using morphological
sampling with site-associated climate in a phylogenetic context, we find that
growth forms dictate adaptations to the local environment. Furthermore, we
demonstrate that the response of specific traits to analogous environments is
antagonistic when growth forms are different. This finding suggests for the first
time that growth forms represent particular ecological functions, allowing the
co-occurrence of closely related species, being a product of divergent
selection during evolution in sympatry.

KEYWORDS

adaptive radiation, Aeonium, Canary Islands, Crassulaceae, ecological adaptations,
trait evolution

Introduction

Adaptive radiations are the source of much of the biodiversity on Earth, resulting
from the evolution of phenotypic diversity in response to ecological shifts within a
rapidly multiplying lineage (Grant, 1981; Schluter, 2000; Givnish, 2015). Examples such
as the Darwin finches from the Galapagos Islands, the Anolis lizards of the Greater
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Antilles and the cichlid fishes from East African lakes
demonstrate how adaptations to the local environment result
in a rapid accumulation of morphological and ecological
diversity (Grant, 1981; Losos et al., 1998; Schluter, 2000;
Emerson, 2002; Grant and Grant, 2008; Losos and Ricklefs,
2009; Feiner et al., 2021; Ronco et al., 2021).

In plants, adaptive radiations remain relatively poorly
understood, as the particular associations between
morphological and ecological diversity of species remain
elusive (Schenk, 2021). Growth forms have been proposed as
plant adaptations to the environment under evolutionary
radiations to facilitate the colonization of different habitats
(Lems, 1960; Rowe and Speck, 2005; Dunbar-Co et al., 2008;
Schenk et al., 2008; Anest et al,, 2021). Plant growth forms are
frequently recognized as suits of individual plant traits that
jointly implement some ecological role and, consequently, are
generally interpreted as adaptations to the environment, such as
high winds, erratic rainfall regimes, grazing, or frost (Rowe and
Speck, 2005; Santiago and Wright, 2007; Schenk et al., 2008;
Gardiner et al., 2016; Anest et al., 2021). While some authors
distinguish growth form (the architectural type) and life form
(the phenotypic result of that architecture with the environment)
(Rauh, 1978), growth form disparity is consistently prevalent in
well-known putative adaptive radiations, such as the Hawaiian
silversword alliance (Asteraceae) (Carr, 1987; Robichaux et al,,
1990; Blonder et al.,, 2016; Landis et al., 2018), the Hawaiian
lobeliads (Campanulaceae) (Givnish et al., 2004; Givnish et al.,
2008; Givnish, 2010) or the Andean Lupinus (Fabaceae)
(Drummond, 2008; Drummond et al., 2012; Hughes and
Atchison, 2015; Nevado et al., 2016; Contreras-Ortiz et al.,
2018). Clear examples of recurrent evolution of growth forms
in particular environments include small-stature shrubs on
tropical mountains (Niirk et al, 2013; Gehrke et al, 2016),
succulent plants in seasonally dry environments (Ringelberg
et al, 2020) or cushion plants in the alpine biome (Korner
et al., 2021), where structural aspects of plant form vary in
association with other traits (e.g., leaf size, number, and
thickness) (Prusinkiewicz et al., 2007; Harder and
Prusinkiewicz, 2013). However, growth form diversity can also
arise through the evolution of divergent ecological roles
(Dunbar-Co et al,, 2008), e.g., perennial herbs, shrubs, trees,
and lianas may co-occur within a forest. This suggests that
growth form disparity may arise from divergent selection
resulting from complex biotic and abiotic interactions. Overall,
the role of growth form diversity in plant adaptive radiations
remains largely untested, as phenotype-environment relations of
growth forms remain mostly undocumented (Schluter, 2000;
Anest et al., 2021).

Aeonium (Crassulaceae) diversified on the Canary Islands
(~8 Mya) throughout a multitude of habitats, resulting in the
most speciose Canarian plant genus (Kim et al., 2008; Schenk,
2021). This diversification resulted in a spectacular array of
growth forms; however, its classification remains without
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consensus despite gathering the attention of several studies in
the past (Lems, 1960; Mes and ‘T Hart, 1996; Mort et al., 2007).
Here, we used a simple classification based on the three general
growth forms: ground-branching rosette plants (BR),
monocarpic rosettes (MR) and large shrubs to sub-shrub
species (SS; Figure 1).

We empirically test the hypothesis that growth forms
provide selective advantages to abiotic factors by determining
the climatic and phenotypic dimensions of the Aeonium
radiation in a phylogenetic context. Specifically, we extensively
sampled 37 Canarian endemics to (1) quantify the fraction of
extant climate space occupied by the genus in the Canary
Islands; (2) define the climatic dimensions of growth forms;
(3) determine whether growth form effectively capture
morphological diversity; and (4) test the association of growth
forms and individual traits to climate. This work reveals the
fundamental ecological and evolutionary roles of growth form
diversity in plant adaptive radiations.

Material and methods
Study system and data collection

The Canary Islands is the largest archipelago of
Macaronesia, located in the North Atlantic Ocean (27-29°N,
13-18°W), about 100 km off the coast of the Western Sahara
Desert (Figure 2A). The ages of the seven volcanic islands range
from ca. 1 Mya in the West to ca. 24 Mya in the East (Day et al,,
1997; Hoernle and Carracedo, 2009), representing a cline in
island erosion and concomitantly geomorphological complexity.
Moreover, tradewinds cause intense precipitation and
temperature gradients, both within the steep North-Western
Islands that exhibit extreme differences in elevation and between
humid northern and dry southern sectors, and across the
archipelago. The islands’ immense climatic variation is
typically divided into five major habitat types: sub-tropical
laurel forest, pine forest, thermophile shrubland, xerophytic
scrubland, and alpine (Fernandez-Palacios et al., 2008;
Banares-Baudet, 2015). With an estimated 35 to 45% of plant
endemism among the ~1300 native plant species, along with the
diverse island ages and breath of climatic conditions, the Canary
Islands are considered a classic “evolutionary laboratory”
(Emerson, 2002; Whittaker et al., 2017).

Aeonium (Crassulaceae) is a rosette-forming succulent
genus with several growth forms described (Figure 1) (Lems,
1960; Banares-Baudet, 2015). It is a monophyletic genus of 44
taxa (34 species and ten subspecies), almost all endemic to the
Canary Islands, except for six phylogenetically deeply nested
species from Morocco, Madeira, Cape Verde, and East Africa
(Liu, 1989). We only considered the Canary Islands
representatives for this study. To collect morphological and
spatial data, we visited all islands with endemic species
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FIGURE 1
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Phylogeny and growth form diversity in Aeonium. (A) Adapted phylogeny from Messerschmid et al. (accepted pending revision) to include only
the taxa used in this study; numbers below branches indicate bootstrap values >75. Growth forms are represented by colour code: Shrub and

subshrub (SS) in blue, ground-branching rosettes (BR) in green and monocarpic rosettes (MR) in red. (B) A. lindleyi ssp. lindleyi; (C) A. arboreum
ssp. holochrysum; (D) A. aureum; (E) A. cuneatum; (F) A. nobile; (G) A. urbicum ssp. urbicum.

between April 2018 and August 2020 (i.e., excluding
Fuerteventura, whose only species, A. balsamiferum, was
sampled in Lanzarote).

Growth forms were quantified using multivariate and
univariate approaches, aiming for five plants from each of
three populations with a large number of healthy mature
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individuals per taxon (Supplementary Table 1). Accordingly,
we sampled all 37 Canary-island taxa (27 species and all ten
subspecies; varieties were not considered in the sampling;
Figure 1). Considering the rarity of some of these endemisms,
including nine endangered species (Banares-Baudet, 2015), the
minimum of three populations per taxon was not always
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achieved (Supplementary Table 1). Two species were excluded
from this study: A. mascaense due to being extinct in the wild
(Banares-Baudet, 2015) and A. volkerii because only one healthy
individual was found in the field. We followed the most recent
classification for species identification in the field (Banares-
Baudet, 2015). In each population, we registered the
geolocation at its approximate centroid using a high-sensitivity
Global Positioning System receiver (GPS 72H, Garmin, Taiwan;
positional accuracy ca. 5 m). The univariate data used a classic
scheme of three primary growth forms: shrubs and subshrubs
(SS) for branched taxa with stems, branching rosette (BR) for
stemless branched taxa (branching at or below the surface
through stolons, forming prostrate rosettes), and monocarpic
rosette (MR) for unbranched taxa. These growth forms capture
two essential traits: rosette number (1 in MR and > 1 in others)
and the branching pattern (elongated above-surface stems in SS
and underground in stemless-BR). Though this approach was
simply implemented in the field, in rare situations, individuals
showed different growth forms than expected according to the
species descriptions (e.g., A. diplocyclum showed BR growth
form in one population from La Palma). In this situation, we
classified the growth form of the species overall as described by
Banares-Baudet (2015) for congruence, as MR revealed to be the
most common growth form for the species in other populations.
The multivariate data captured diversity in plant form more
comprehensively through eleven vegetative traits: rosette
number, plant height, rosette diameter, maximum plant
diameter, minimum plant diameter, leaf length, leaf width,
petiole width, leaf thickness, rosette area and photosynthetic
area (Supplementary Table 2). In total, we sampled 528 plants
from 37 species and subspecies in 99 populations distributed
along 70 locations for morphology (Supplementary Table 1).

To capture the environmental breadth of the radiation, we
recorded additional occurrences of all encountered species in an
environmentally stratified approach. Specifically, for each island,
we determined four climatic quadrants defined by the
intersection of mean annual temperature and annual
precipitation (warm and wet, warm and dry, cold and wet, and
cold and dry). We made sure we searched for Aeonium in all four
quadrants on each island, recording localities as above. Using
this approach, we recorded 7730 localities with Aeonium. Note
that possible spatial autocorrelation among observations is not
relevant in the present study, as we do not consider the density of
observations along climatic axes, only their span. For each
locality, we extracted the 19 bioclimatic and the monthly
potential solar radiation rasters (summed to their yearly value)
at a resolution of 30 arcsec from CHELSA V.1.2 (Karger et al.,
2017; Karger et al., 2018) (Supplementary Table 3). Spatial data
handling relied on the package raster (Hijmans, 2021) of the
statistical computing environment R, version 4.1.0 (R Core
Team, 2021).
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Phylogenetic information on relations among taxa was
extracted from the well-resolved RAxML phylogeny of
Messerschmid et al. (accepted pending revision), which was
based on a concatenated supermatrix of loci in the length range
320-500 nucleotides obtained from multi-locus long read
ddRAD sequence data (Iithn et al., 2022). The phylogeny was
then pruned to include only sampled taxa only and made
ultrametric using the ape function chronos (Paradis, 2013)
while scaling the root using the corresponding age estimate of
4.62 Mya (Figure 1A).

Statistical analyses

Statistical analyses were performed using the statistical
computing environment R, software version 4.1.0 (R Core
Team, 2021). To determine the fraction of the total available
climatic niche occupied by Aeonium on the Canary Islands, we
first quantified the climatic space of the Canary Islands by
selecting 10’000 spatially random localities across all islands
(without considering where we sampled) and extracted the
complete set of 20 climatic variables for each. We then
extracted the major axes of variation by principal component
analysis (PCA) and projected all localities to observe Aeonium
distribution into the rotated PC space. For each PC axis, we
computed the fraction of total climatic variation that is spanned
by the sampling localities of the Aeonium species and computed
the mean across axes, weighted by the variance explained by
each axis. This analysis is conservative because it overestimates
total climatic variation, as areas devoid of plant life (e.g.
extremely cold or dry) are included. At the same time, it
underestimates the climatic breadth of the genus, as it only
comprises sampled presences, which is necessarily narrower
than the total climatic breadth of the genus.

To test for phenotype-environment associations for
univariate growth forms, we performed a phylogenetic PCA
rotation of the climatic variables using taxon means that were
scaled and centered (Revell, 2009). Among and within-species
variations were estimated for all traits and climatic variables
(Supplementary Figures 1-31). PC1 and PC2 scores were then
used as input for a phylomorphospace analysis (phytools
package) (Revell, 2012). In these plots, points indicate species’
phenotypes and lines reveal trajectories of evolution (Revell,
2014). Then, we performed the same phylomorphospace
analysis as described above, using the 11 morphological traits
as input for the phylogenetic PCA of morphology. Quantitative
morphological traits were natural log-transformed to allow for
comparing variation across traits measured on different scales
(Lewontin, 1966). If growth forms represent discrete states in the
morphospace, this analysis would reveal how morphological
traits cluster the three growth forms. We tested climatic and
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morphological differences among growth forms with analyses of
variance (ANOVA). Finally, we fitted phylogenetic generalized
least squares (PGLS) regressions using the R package caper
(Orme et al,, 2018) of PC scores as a function of growth form
for the first two PC axes of climate and morphology to test for
phenotype-environment associations.

To get as close to trait utility in particular environments as
possible, we tested correlations between individual climate and
morphological variables. We used the PC axes of climate and
morphological phylogenetic PCAs that showed statistically
significant correlations and tested these against the three most
explanatory variables of each axis. This allows a better
understanding of what is behind the phenotype-environment
correlations found before. Furthermore, we also performed the
same (PGLS) analysis for each climatic variable against each

10.3389/fpls.2022.1023595

morphological trait for a comprehensive overview (see
Supplementary Figures 32-42). Significant interactions
demonstrate that the morphological variable is associated
differently with a climatic variable depending on growth form,
which would suggest that the adaptive landscape of a trait
depends on its whole plant context, i.e., what growth form.

Results
Climatic characterization and occupancy
The West and North-west sectors of the Canary Islands have

a significant Atlantic influence, provided by the tradewind
currents (Figure 2A). The first two principal components (PC)
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FIGURE 2

Climate space on the Canary Islands and climatic occupation of Aeonium on the Canary Islands. (A) Map of the Canary Islands colored
according to the annual precipitation gradient; red dots represent Aeonium sampling sites used to calculate the climatic occupation on the
islands; (B) Principal components analysis (PCA) of the climatic range throughout the Canary Islands. Dots colored by the annual precipitation
gradient are random points extracted from the map (A) to represent the overall climatic space; red dots represent the Aeonium spatial sampling
sites extracted from (A). PCA loadings can be found in Supplementary Table 4.
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axes of all climatic variables capture 86.46% of the macroclimatic
space variance (Figure 2B; Supplementary Table 4). The main
drivers of PC1 are temperature ranges (BIO4 and BIO7) and
temperatures of the coldest periods (BIO11 and BIO6). PC2
reflects North-South orientation, as its main drivers are solar
radiation, precipitation seasonality (BIO15), and temperatures
of the wettest and driest quarters (BIO08 and BIO09). Randomly
drawn terrestrial points across the archipelago reveal a triangular
shape (Figure 2B) with corners representing: (1) arid conditions
(< 100 mm of precipitation per year, high PC1 scores), (2) warm
and humid conditions (> 600 mm of precipitation per year, high
PC2 scores), and (3) cold conditions with high thermal ranges,
corresponding to high elevations (low PC1 and low PC2 scores).

Aeonium species have radiated into almost all potentially
available climatic space (88% overall, Figure 2B). The available
climatic space without Aeonium presence is either extremely dry
(e.g., parts of the eastern islands) or alpine (e.g., the Teide
volcano that reaches 3715 m a.s.l.). Both these environments
are naturally very sparsely vegetated, suggesting the limits of the
genus’ realized niche approaches the limits of plant life on the
Canary Islands. In geographic space, the relatively small
northern sectors of western islands with relatively high
precipitation harbor the highest density and species richness of
Aeonium (Figure 2A).

2

PC2 of Climate (29.05%)
[}

10.3389/fpls.2022.1023595

Macroclimate of species and
growth forms

To quantify phenotype-environment associations, we first
considered the dominant axes of climatic differentiation among
species and then determined whether an overall association with
growth forms exists. The first two phylogenetic PCA axes of
taxon-mean climatic data well-approximates diversity among
species, as they capture 81.16% of the variation (Figure 3 and
Supplementary Table 5). Species are widely dispersed
throughout climatic space as opposed to forming clusters. PC1
is mostly a precipitation gradient (e.g., BIO19, BIO16, BIO12).
Low PCI scores represent low precipitation seasonality (BIO15),
associated with high isothermality (BIO03) and relatively high
temperatures, especially during the coldest periods (e.g., BIO06,
BIO11; Figure 3B). On the other hand, PC2 represents a
temperature gradient and solar radiation. High temperatures
correspond to low PC2 values, whereas high solar radiation
represents the positive end of the PC2 axis. As a result, the
negative end of PCl1 represents markedly dry environments
occupied by species adapted to very xerophytic environments,
such as A. valverdense, A. lancerottense, A. balsamiferum or A.
hierrense, endemic to the driest islands: Lanzarote,
Fuerteventura and El Hierro (Figures 2A, 3A). High PCl
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FIGURE 3

Phylogenetic principal component analysis of the climatic space of the Canarian Aeonium. (A) Phylogenetic principal component analysis of the
climatic space of Canarian Aeonium. Each dot represents the mean of one taxon (species or subspecies). Lines indicate phylogenetic
relationships among species. Taxa are indicated on each dot by a three-letter acronym (see Supplementary Table 1); (B) Loadings of the climatic
variables of the phylogenetic principal component analysis. Numbers (1-19) indicate BIOs, and srad indicates the annual potential solar radiation
(see Supplementary Table 3); (C) Distribution of growth forms along the first axis of the climatic space (PC1); (D) Distribution of growth forms
along the second axis of the climatic space (PC2). Colors represent growth forms: green — BR (branching rosettes), red — MR (monocarpic
rosettes), blue — SS (Shrubs or subshrubs). PCA loadings in Supplementary Table 5.
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scores and low PC2 scores indicate high precipitation combined
with high temperatures (e.g., BIO05 or BIO10 in PC2), typical of
sub-tropical environments, with species associated with the wet
laurel forest (e.g., A. lindleyi ssp. lindleyi, A. ciliatum, A.
cuneatum and A. tabuliforme; Figures 3A, B). High PC1 scores
combined with high PC2 scores represent high precipitation and
strong temperature seasonality (BIO04), with typical mid-
elevation Canarian pine forest species (A. aureum, A.
spathulatum, A. aizoon, and A. smithii).

Growth forms do not form three discrete clusters; instead,
they are dispersed throughout the climatic space, indicating no
simple overarching structuring effect of growth form on climatic
niche evolution (Figures 3A, C, D). Furthermore, we found no
significant differences in mean PC scores among the three
growth forms (Figures 3C, D; Table 1). Congruently,
relationships among species (illustrated by lines representing
phylogenetic relationships in Figure 3A) indicate that climatic
niche evolution has occurred frequently and in multiple
directions. Moreover, species-pairs with disparate growth
forms may occur in similar climates, e.g., A. aizoon and A.
smithii (BR and SS), A. pseudourbicum and A. dodrantale (MR
and BR), A. ciliatum and A. tabuliforme (SS and MR, both
climatically close to A. cuneatum, a BR species; see Figure 3A).

Morphological profile of growth forms

The growth form classification used in this study is specific
for Aeonium (Lems, 1960) and used the primary growth forms
observed, avoiding sub-categorizations. The classification is
based on the branching pattern: unbranched (MR),
stoloniferous plants that branch at or below the surface (BR)
and stemmed plants that branch above the surface (SS). The
analysis of the phylomorphospace shows that individual

10.3389/fpls.2022.1023595

morphological traits explain growth form diversity, specifically
the first axis of the PCA, which captures alone 58.54% of the
morphological variation, mainly through a trade-off between
rosette size and number (Figures 4A, B and Supplementary
Table 6). High PC1 scores are explained by high rosette
diameter, rosette area and leaf length; low PC1 scores are
explained by rosette number (Figure 4B; Supplementary
Table 6). Hence, highly branched species (namely SS) form a
cluster towards the negative end of PC1, whereas the opposing
end includes all single-rosetted species (MR). On the other hand,
low PC2 scores capture the size of the plant, specifically by high
photosynthetic area, plant diameter (both maximum and
minimum) and plant height (Figure 4B; Supplementary
Table 6). The negative end of PC2 thus includes the largest
species, mostly large SS (e.g., A. undulatum, A. arboreum, A.
gomerense). In contrast, the positive end includes small-stature
taxa, mostly BR (e.g., A. aizoon, A. dodrantale and A. simsii),
stemless MR (A. tabuliforme and A. diplocyclum) and dwarf SS
(e.g., A. smithii, A. saundersii, A. sedifolium). This result
demonstrates that growth forms represent arrays of
morphological traits with clear delimitations among the three
growth forms regarding the rosette trade-off (Figure 4C). We
found statistically significant differences in PC1 of morphology
according to growth form (p < 0.001; Table 1). Furthermore, we
found significant pairwise differences among all growth forms,
with SS and MR being the most dissimilar (p < 0.001), followed
by SS and BR (p = 0.003), and finally, MR and BR (p = 0.039;
Table 1). Lower statistically significant differences between MR
and BR could be explained by the rosette trade-off: BR species
tend to have the largest rosettes (except dwarf species like A.
aizoon, A. dodrantale or A. simsii), thus producing a much
smaller number of rosettes. The PC2 of morphology, on the
other hand, does not show significant differences (p = 0.082),
including no pairwise differences among growth forms (Table 1).

TABLE 1 Results of ANOVAs and Tukey HSD post-hoc testing for PC1 and PC2 axes of climate and morphology among growth forms.

Variables Df F p-value Growth forms
PCI Climate 2,34 1.297 0.287 BR MR
BR SS
MR SS
PC2 Climate 2,34 0.386 0.683 BR MR
BR SS
MR SS
PC1 Morphology 2,34 22.41 <0.001 *** BR MR
BR SS
MR SS
PC2 Morphology 2,34 2.695 0.082 BR MR
BR SS
MR SS

Difference p-value 95% confidence interval

Lower Upper
-1.350 0.656 -5.108 2.408
-2.039 0.256 -5.143 1.066
-0.689 0.861 -3.925 2.546
-0.565 0.901 -3.745 2616
-0.938 0.659 -3.566 1.689
-0.374 0.940 -3.112 2.364
2304 0.039 * 0.100 4508
-2.692 0.003 ** -4.512 -0.872
-4.996 <0.001 *** -6.893 -3.099
-0.176 0.979 -2.355 2.004
-1.480 0.124 -3.280 0321
-1.304 0219 -3.180 0572

Stars indicate significance level (¥, p < 0.05; **, p < 0.01; ***, p < 0.001).
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Evidence of adaptations to climate

We compared the PC1 and PC2 axes of both climate and
morphology and found statistically significant correlations
between climate (PC2) and individual morphological traits
(PC1) in two growth forms (Figure 5B). As explained above,
the PC2 of climate represents a temperature and solar radiation
gradient with high temperatures on the negative end and high
solar radiation on the positive end. The PC1 of morphological
traits represents the trade-off between rosette number and
rosette size. Though no correlation was found when using all
taxa irrespective of their growth form (no overall correlation
between climate and morphology), we find statistically
significant relations when growth forms are considered in the
model (Table 2). Specifically, we found a positive association for
SS (p = 0.009) and a negative association for BR (p = 0.025;
Figure 5B; Table 2). Contrastingly, MR show a marginally
significant signal (p = 0.056; Table 2) and is the only growth
form to have a statistically significant correlation between PC2 of
climate and PC2 of morphology (p = 0.029; Figure 5D; Table 2).

Further bivariate correlations between the climatic variables
and morphological traits corroborate the pattern observed in
Figure 5B: morphological traits of BR and SS (namely rosette size
and number) exhibit opposite relationships with climate

2

PC2 of Morphology (30.61%)
0

10.3389/fpls.2022.1023595

(Supplementary Figures 32-42). In contrast, the interaction of
MR with the climate acts on a different morphological level:
plant size (represented by the PC2 of morphology). This analysis
shows how traits interact differently with the climate according
to their growth form. Peculiarly, rosette number demonstrates
more plasticity towards temperature changes than rosette size
(diameter and area). More specifically, SS have more and smaller
rosettes with high temperatures. On the other hand, BR have
fewer but bigger rosettes in similar environments, demonstrating
opposite phenotype-environment associations (Figure 5B).
More interestingly, MR interact with the same environment on
a different level by the overall plant size with increasing
solar radiation.

The relation between solar radiation and the rosette size-
number trade-off (PC1 morphology) shows, once more,
contrasting behaviors among growth forms. Branching rosettes
showed more but smaller rosettes when occupying
environments with higher solar radiation (mid-elevation
species); in similar contexts, SS showed fewer but bigger
rosettes (Figure 5B, but see also Supplementary Figures 32, 36,
and 41). Similarly to SS, MR evidenced increasing plant size by
increasing plant height and rosette area (Figure 5D but see also
Supplementary Figures 33-42). Even though MR are
characterized by having a single rosette (which could explain
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FIGURE 4

Phylogenetic principal component analysis of the morphological space of the Canarian Aeonium. (A) Phylogenetic principal component analysis
of the morphological space of Canarian Aeonium. Each dot represents the mean of one taxon (species or subspecies). Lines indicate
phylogenetic relationships among species. Taxa are indicated on each dot by a three-letter acronym (see Supplementary Table 1); (B) Loadings
of the morphological traits of the phylogenetic principal component analysis (see Supplementary Table 2 for traits’ abbreviations); (C)
Distribution of growth forms along the first axis of the morphological space (PC1); (D) Distribution of growth forms along the second axis of the
morphological space (PC2). Colors represent growth forms: green — BR (branching rosettes), red — MR (monocarpic rosettes), blue — SS (Shrubs

or subshrubs). PCA loadings in Supplementary Table 6.
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the lack of response since rosette number is the major driving
factor of PC1 of morphology), with increasing solar radiation,
the plants were larger.

Discussion

Species diversification through adaptation to the local
environment is a central premise of adaptive radiations
(Grant, 1981; Schluter, 2000; Losos and Ricklefs, 2009).
Growth forms have long been used to categorize
morphological divergence in plants and are frequently
recognized as adaptations to environments (Lems, 1960; Niirk
etal, 2019; Schenk, 2021). In this study, we demonstrate that the
intimate relationship that growth forms share with the
environment is not a direct result of adaptation per se.
Instead, the identified climatic dimensions do not affect the
distribution of growth forms. However, growth forms modulate

10.3389/fpls.2022.1023595

the response of specific morphologic traits to the local climate by
developing growth form-specific trait adaptations to similar
climatic conditions. Thus, our results indicate that growth
forms have an indirect rather than direct association with
climate. The phenotypic adaptations to the environment occur
in individual traits and are, in this context, growth form
dependent. We also found that multi-rosetted growth forms
(i.e., BR and SS), showed, without exception, opposing responses
to the environmental conditions. Furthermore, single-rosetted
species (MR) interact with the same climate on a different
morphological axis. Consequently, the response of growth
forms to the environment depends on their intrinsic
morphology and how traits interact with each other.

Aeonium is widely distributed across all islands along a
macroclimate gradient of precipitation, representing the
primary axis of niche divergence among species (Figure 3).
The second dimension of the climatic distribution of Aeonium
is defined by the local climate, as it represents the local climatic
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Morphology. (B) PC2 of Climate and PC1 of Morphology (BR: Intercept = 1.727, p = 0.025; Slope = -0.380, p = 0.037; SS: Intercept = -1.302,
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1.057, p = 0.404; Slope = -0.735, p = 0.029). Lines represent statistically significant regressions (p < 0.05). Colors indicate different growth
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TABLE 2 Phylogenetic generalized least squares models (PGLS) results of climate and morphology interactions among growth forms.

Response Predictors  Estimate Std. t- p-
variables Error  value value
PCl PCI Climate x BR 1086 0914 1188 0244
Morphology  pc] Climate x MR~ -0.188 0.308 0610 0547
PC1 Climate x SS 0.047 0234 0201  0.842
PC2 Climate x BR 1727 0732 2360 0.025*
PC2 Climate x MR 0.698 0.351 198  0.056
PC2 Climate x SS 0.604 0217 2781 0.009%
PC2 PCI Climate x BR  0.638 0.888 0719 0478
Morphology  pc) Climatex MR~ 0210 0272 0773 0445
PCI Climate x S -0.081 0.206 0393 0697
PC2 Climate x BR  0.381 0.830 0459  0.650
PC2 Climate x MR -0.735 0321 2292 0.029*
PC2 Climate x S -0.330 0.208 158 0123

Stars indicate significance level (*, p < 0.05; *¥, p < 0.01; ***, p < 0.001).

variation explained essentially by topographic complexity (e.g.,
reflected in solar radiation) (Otto et al., 2016; Testolin et al.,
2021). Our results show that specific morphological traits
interact with the local climate, playing an essential role in trait
adaptation. These findings are consistent with previous studies,
which have shown that local climate is a significant driver of trait
diversification and, thus, of speciation and adaptation
(Jorgensen, 2002; Bruelheide et al., 2018; Testolin et al., 2021).
At the same time, the macroclimate delimitates species’ climatic
preferences and is thus responsible for the overall distribution
pattern of species (Zimmermann et al., 2009; Miguez-Macho
and Fan, 2021).

Morphological diversity is structured in the three growth
forms based on the rosette number and size trade-off (Figure 4).
Rosette size (specifically rosette diameter and rosette area) forms
a strong, negative association with rosette number because
individual shoot apical meristem size trades off with meristem
number through the number of branching events (Whitman and
Aarssen, 2010). These two traits alone segregate most species in
different growth forms (Figure 4). This trade-off is the central
axis of the interaction of traits with the microclimate and
represents the axis of phenotypic adaptation to the
environment. Specifically, we found that in BR, rosette size
increases in environments with high temperatures and low
solar radiation (i.e., north-facing flanks of the islands;
Figure 5B); thus, rosette number decreases.

On the other hand, we found that SS in the same conditions
(high temperatures and low solar radiation) increased rosette
number while reducing rosette size. The biological limitation of
MR species, having by definition one single rosette, implies
minimal variation on the rosette number-size trade-off.
Nevertheless, MR species interact with the microclimate
through a different morphological aspect, i.e., plant size. This
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Residual std. Multiple  Adjusted F-statis- p-value

error R’ R’ tic

1917 0.5889 05226 8.88 <0.001
ok

1.633 0.6809 0.6294 1323 <0.001
.

1.786 0.2549 0.1347 2.12 0.089

1.644 0.3505 02457 3346 0.016*

particular adaptation is in line with their primary ecological
strategy, as monocarpic plants prioritize dispersal and fast
colonization (Mudrak et al., 2021).

Monocarpic species (MR) rely on a lifetime investment
strategy that results in a single “big bang” reproduction event
and subsequent senescence — a remarkably successful strategy
toward populating unstable and highly disturbed environments
given the fast development innate to this growth form
(Jorgensen and Olesen, 2001; Kakishima et al., 2019; Anest
et al,, 2021). Furthermore, monocarpic plants are prevalent in
evolutionary radiations in island-like environments, given their
great capacity for rapidly colonizing new territory (particularly
new islands) (Givnish, 2010; Kakishima et al., 2019). On the
other end of the spectrum, multi-rosetted growth forms (BR and
SS) produce a comparatively low number of reproductive units
per season (Lavorel et al., 1997; Mudrak et al., 2021), investing in
establishing populations with higher longevity and thus
associated with low-disturbance environments, where
competitive performance is more important than dispersal
(Mudrak et al, 2021). Adapting to local conditions becomes
essential for settler species in this complex ecological context. On
the other hand, fast colonizer species prioritize the investment in
reproduction and seed dispersal traits, like plant height (Mudrak
et al,, 2021). The interactions between plant height and climatic
variables among monocarpic species suggest that specific
population dynamics strategies could intrinsically relate to
distinct ecological strategies (Rudolf and Rasmussen, 2013).
While MR are fast colonizers through massive seed production
and dispersal, BR and SS share a “settler” strategy that prioritizes
growth over reproduction through constant branching while
having contrasting responses to analogous environments. This
clear relation of contrasting trait adaptations inflected by growth
forms could suggest latent ecological strategies (Lavorel et al,
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1997; van der Plas, 2019). Considering plant traits are
adaptations to abiotic factors (Caruso et al, 2020), growth
forms could also play a role in adapting to complex biotic
interactions, namely interspecific competition avoidance. In
this scenario, competition avoidance is attained through
contrastive trait responses to the same environment, a
commonly recognized indication of complementary ecosystem
strategies (Weber et al, 2017; Ronco et al,, 2021). While
competition avoidance was not tested in this study, it is an
ecological strategy that allows spatial co-occurrence within
species of the same lineage through divergent resource use,
ultimately triggering diversification (Wilson, 1961; Herrmann
etal., 2021). Although competition avoidance is not a novel idea
in island radiation contexts (Herrmann et al., 2021), it is a largely
understudied topic that could disclose how phylogenetically
close species co-occur without actively competing while
corroborating the known fact that plant radiations certainly
have high growth form diversity.

In summary, growth form divergence has a strikingly
multifaceted, subtle, but critical role in plant radiations. This
study demonstrates that growth forms dictate the direction of
trait adaptations to microclimate rather than being adaptations
per se. The most striking example is the opposite direction of
adaptation for the same traits in different growth forms with
similar ecological strategies (“settler” species, in this case, BR
versus SS). In analogous climatic conditions, these growth forms
respond through opposing directions of the rosette number-size
trade-off. At the same time, MR interacts with the climate
through plant size. The architectural limitations of each
growth form determine trait interactions and trade-offs
responsible for opposing environmental responses (Figure 5).
This unforeseen result indicates that the whole (growth form) is
different from the sum of its parts (traits) and demonstrates that
the response of traits to the local climate (determined by the
growth form) originates novel morphological solutions as
adaptations to similar environmental conditions. Growth form
shifts represent a change of ecological dimension perceived by
the plants. Such shifts open new adaptive landscapes, allowing
not only competition avoidance and sympatric evolution, but
ultimately acting as a diversification trigger.

Data availability statement

The raw data supporting the conclusions of this article will
be made available by the authors, without undue reservation.

Author contributions
PS and JV conceived and designed the project. PS, MB, TM,

and HS gathered data under the supervision of GK, CB, and JV.
PS and JV designed and executed the statistical analyses. PS

Frontiers in Plant Science

11

10.3389/fpls.2022.1023595

created the tables and figures. PS wrote the first version of the
manuscript with the input of JV and CB. All authors
contributed to and approved the final version of
the manuscript.

Funding

This work was funded by Fundagio para a Ciéncia e a
Tecnologia, I.P./MCTES through National Funds UIDB/00329/
2020). PS was supported by Fundacdo para a Ciéncia e
Tecnologia (FCT) with the PhD grant no. PD/BD/128367/
2017. Fieldwork was funded by the Stiftung zur Forderung der
Pflanzenkenntnis, the Centre for Ecology, Evolution and
Environmental Changes (cE3c unit funding by FCT, UID/BIA/
00329/2019 and UID/BIA/00329/2013), and the University of
Basel. JV was supported in part by Swiss National Science
Foundation grant 310030_185251.

Acknowledgments

The authors would like to address their gratitude to Angel
Banares-Baudet and Alfredo Reyes-Betancort. The authors
thank the Canarian authorities for the collection permits
that allowed the conduction of this study, namely the
Consejerias de Medio Ambiente from the Cabildo Insular of
El Hierro, Gran Canaria, La Gomera, La Palma, Lanzarote
and Tenerife.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/
fpls.2022.1023595/full#supplementary-material

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2022.1023595/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2022.1023595/full#supplementary-material
https://doi.org/10.3389/fpls.2022.1023595
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

dos Santos et al.

References

Anest, A., Charles-Dominique, T., Maurin, O., Millan, M., Edelin, C., and
Tomlinson, K. W. (2021). Evolving the structure: climatic and developmental
constraints on the evolution of plant architecture. a case study in euphorbia. New
Phytol. 231, 1278-1295. doi: 10.1111/nph.17296

Bafiares-Baudet, A. (2015). Las plantas suculentas (Crassulaceae) endemicas de
las islas canarias (Santa Cruz de Tenerife, Canary Islands, Spain: Publicaciones
Turquesa).

Blonder, B., Baldwin, B. G., Enquist, B. J., and Robichaux, R. H. (2016). Variation
and macroevolution in leaf functional traits in the Hawaiian silversword alliance
(Asteraceae). J. Ecol. 104, 219-228. doi: 10.1111/1365-2745.12497

Bruelheide, H., Dengler, J., Purschke, O., Lenoir, J., Jiménez-Alfaro, B.,
Hennekens, S. M., et al. (2018). Global trait-environment relationships of
plant communities. Nat. Ecol. Evol. 2, 1906-1917. doi: 10.1038/s41559-018-
0699-8

Carr, G. D. (1987). Beggar’s ticks and tarweeds: Masters of adaptive radiation.
Trends Ecol. Evol. 2, 192-195. doi: 10.1016/0169-5347(87)90019-X

Caruso, C. M., Maherali, H., and Martin, R. A. (2020). A meta-analysis of natural
selection on plant functional traits. Int. J. Plant Sci. 181, 44-55. doi: 10.1086/706199

Contreras-Ortiz, N., Atchison, G. W., Hughes, C. E., and Madrifan, S. (2018).
Convergent evolution of high elevation plant growth forms and geographically
structured variation in Andean lupinus (Fabaceae). Bot. J. Linn. Soc 187, 118-136.
doi: 10.1093/botlinnean/box095

Day, S. J., Carracedo, J., and Guillou, H. (1997). Age and geometry of an aborted
rift flank collapse: the San Andres fault system, El Hierro, Canary Islands. Geol.
Mag. 134, 523-537. doi: 10.1017/S0016756897007243

Drummond, C. S. (2008). Diversification of Lupinus (Leguminosae) in the
western new world: Derived evolution of perennial life history and colonization of
montane habitats. Mol. Phylogenet. Evol. 48, 408-421. doi: 10.1016/
J.YMPEV.2008.03.009

Drummond, C. S., Eastwood, R. J., Miotto, S. T. S., and Hughes, C. E. (2012).
Multiple continental radiations and correlates of diversification in lupinus
(Leguminosae): Testing for key innovation with incomplete taxon sampling. Syst.
Biol. 61, 443-460. doi: 10.1093/SYSBIO/SYR126

Dunbar-Co, S., Wieczorek, A. M., and Morden, C. W. (2008). Molecular
phylogeny and adaptive radiation of the endemic Hawaiian Plantago species
(Plantaginaceae). Am. J. Bot. 95, 1177-1188. doi: 10.3732/AJB.0800132

Emerson, B. C. (2002). Evolution on oceanic islands: Molecular phylogenetic
approaches to understanding pattern and process. Mol. Ecol. 11, 951-966.
doi: 10.1046/j.1365-294X.2002.01507.x

Feiner, N, Jackson, L. S. C,, Stanley, E. L., and Uller, T. (2021). Evolution of the
locomotor skeleton in anolis lizards reflects the interplay between ecological
opportunity and phylogenetic inertia. Nat. Commun. 12, 1-10. doi: 10.1038/
541467-021-21757-5

Fernandez-Palacios, J. M., Otto, R, Domingo Delgado, J., Areévalo, J. D.,
Naranjo, A, Gonzé\lez’ Artiles, F., et al. (2008). Los Bosques termofilos de
canarias. Eds. M.de 1. A. Llaria Lopez and J. A. Delgado Bello (Santa Cruz de
Tenerife: Cabildo).

Gardiner, B., Berry, P., and Moulia, B. (2016). Review: Wind impacts on plant
growth, mechanics and damage. Plant Sci. 245, 94-118. doi: 10.1016/
J.PLANTSCI.2016.01.006

Gehrke, B., Kandziora, M., and Pirie, M. D. (2016). The evolution of dwarf
shrubs in alpine environments: a case study of Alchemilla in Africa. Ann. Bot. 117,
121-131. doi: 10.1093/AOB/MCV159

Givnish, T. J. (2010). Ecology of plant speciation. Taxon 59, 1329-1366.
doi: 10.1002/TAX.595003

Givnish, T. J. (2015). Adaptive radiation versus “radiation” and “explosive
diversification”: Why conceptual distinctions are fundamental to understanding
evolution. New Phytol. 207, 297-303. doi: 10.1111/nph.13482

Givnish, T. J., Millam, K. C., Mast, A. R, Paterson, T. B., Theim, T. J., Hipp, A.
L., et al. (2008). Origin, adaptive radiation and diversification of the Hawaiian
lobeliads (Asterales: Campanulaceae). Proc. R. Soc B. Biol. Sci. 276, 407-416.
doi: 10.1098/RSPB.2008.1204

Givnish, T.J., Montgomery, R. A., and Goldstein, G. (2004). Adaptive radiation
of photosynthetic physiology in the Hawaiian lobeliads: light regimes, static light
responses, and whole-plant compensation points. Am. J. Bot. 91, 228-246.
doi: 10.3732/AJB.91.2.228

Grant, P. R. (1981). Speciation and the adaptive radiation of darwin’s finches: the
complex diversity of darwin’s finches may provide a key to the mystery of how
intraspecific variation is transformed into interspecific variation. Am. Sci. 69, 653—
663.

Frontiers in Plant Science

10.3389/fpls.2022.1023595

Grant, B. R, and Grant, P. R. (2008). Fission and fusion of Darwin’s finches
populations. Philos. Trans. R. Soc B. Biol. Sci. 363, 2821-2829. doi: 10.1098/
RSTB.2008.0051

Harder, L. D., and Prusinkiewicz, P. (2013). The interplay between inflorescence
development and function as the crucible of architectural diversity. Ann. Bot. 112,
1477-1493. doi: 10.1093/aob/mcs252

Herrmann, N. C,, Stroud, J. T., and Losos, J. B. (2021). The evolution of
‘Ecological release’ into the 21st century. Trends Ecol. Evol. 36, 206-215.
doi: 10.1016/].TREE.2020.10.019

Hijmans, R. J. (2021). raster: Geographic Data Analysis and Modeling R package
version 3.5-2. https://CRAN.R-project.org/package=raster

Hoernle, K., and Carracedo, J.-C. (2009). “Canary Islands, geology”, in
Encyclopedia of islands R. G. Gillespie and D. A. Clague (Berkeley, CA, US.A.:
University of California Press) pp. 133-143.

Hughes, C. E,, and Atchison, G. W. (2015). The ubiquity of alpine plant
radiations: from the Andes to the hengduan mountains. New Phytol. 207, 275-
282. doi: 10.1111/NPH.13230

Hithn, P., Dillenberger, M. S., Gerschwitz-Eidt, M., Horandl, E., Los, J. A,
Messerschmid, T. F. E., et al. (2022). How challenging RADseq data turned out to
favor coalescent-based species tree inference. A case study in Aichryson
(Crassulaceae). Mol. Phylogenet. Evol. 167, 107342. doi: 10.1016/
J.YMPEV.2021.107342

Jorgensen, T. H. (2002). The importance of phylogeny and ecology in
microgeographical variation in the morphology of four Canarian species of
Aeonium (Crassulaceae). Biol. J. Linn. Soc 76, 521-533. doi: 10.1046/j.1095-
8312.2002.00088.x

Jorgensen, T. H., and Olesen, J. M. (2001). Adaptive radiation of island plants:
evidence from Aeonium (Crassulaceae) of the Canary Islands. Perspect. Plant Ecol.
Evol. Syst. 4, 29-42. doi: 10.1078/1433-8319-00013

Kakishima, S., Liang, Y.-S,, Ito, T., Yang, T. Y. A,, Lu, P. L., Okuyama, Y., et al.
(2019). Evolutionary origin of a periodical mass-flowering plant. Ecol. Evol. 9,
4373-4381. doi: 10.1002/ECE3.4881

Karger, D. N., Conrad, O., Bohner, J., Kawohl, T., Kreft, H., Soria-Auza, R. W,
et al. (2017). Climatologies at high resolution for the earth’s land surface areas. Sci.
Data 4, 170122. doi: 10.1038/sdata.2017.122

Karger, D. N., Conrad, O., Béhner, J., Kawohl, T., Kreft, H., Soria-Auza, R. W,
et al. (2018). Data from: Climatologies at high resolution for the earth’s land surface
areas. Dryad. Dataset. doi: 10.5061/dryad.kd1d4

Kim, S. C., McGowen, M. R,, Lubinsky, P., Barber, J. C., Mort, M. E., and Santos-
Guerra, A. (2008). Timing and tempo of early and successive adaptive radiations in
Macaronesia. PloS One 3, 1-7. doi: 10.1371/journal.pone.0002139

Kérner, C., Urbach, D., and Paulsen, J. (2021). Mountain definitions and their
consequences. Alp. Bot. 131, 213-217. doi: 10.1007/S00035-021-00265-8/ TABLES/1

Landis, M. J., Freyman, W. A,, and Baldwin, B. G. (2018). Retracing the
Hawaiian silversword radiation despite phylogenetic, biogeographic, and
paleogeographic uncertainty. Evolution 72, 2343-2359. doi: 10.1111/EV0.13594

Lavorel, S., McIntyre, S., Landsberg, J., and Forbes, T. D. A. (1997). Plant functional
classifications: from general groups to specific groups based on response to
disturbance. Trends Ecol. Evol. 12, 474-478. doi: 10.1016/S0169-5347(97)01219-6

Lems, K. (1960). Botanical notes on the canary islands II. the evolution of plant
forms in the islands: Aeonium. Ecology 41 (1), 1-17. doi: 10.2307/1931934

Lewontin, R. C. (1966). On the measurement of relative variability. Syst. Zool. 15
(2), 141-142. doi: 10.2307/sysbio/15.2.141

Liu, H.-Y. (1989). Systematics of aconium (Crassulaceae). Natl. Museum. Nat.
Sci. 3, 102.

Losos, J. B,, Jackman, T. R, Larson, A., De Queiroz, K., and Rodriguez-Schettino,
L. (1998). Contingency and determinism in replicated adaptive radiations of island
lizards. Science 279, 2115-2118. doi: 10.1126/science.279.5359.2115

Losos, J. B., and Ricklefs, R. E. (2009). Adaptation and diversification on islands.
Nature 457, 830-836. doi: 10.1038/nature07893

Mes, T. H. M,, and ‘T Hart, H. (1996). The evolution of growth-forms in the
Macaronesian genus Aeonium (Crassulaceae) inferred from chloroplast DNA
RFLPs and morphology. Mol. Ecol. 5, 351-363. doi: 10.1046/j.1365-
294X.1996.00090.x

Miguez-Macho, G., and Fan, Y. (2021). Spatiotemporal origin of soil water taken
up by vegetation. Nature 598, 624-628. doi: 10.1038/s41586-021-03958-6

Mort, M. E,, Solits, D. E,, Soltis, P. S., Santos-Guerra, A., and Francisco-Ortega, J.
(2007). Physiological evolution and association between physiology and growth
form in Aeonium (Crassulaceae). Taxon 56, 453-464. doi: 10.1002/tax.562016

frontiersin.org


https://doi.org/10.1111/nph.17296
https://doi.org/10.1111/1365-2745.12497
https://doi.org/10.1038/s41559-018-0699-8
https://doi.org/10.1038/s41559-018-0699-8
https://doi.org/10.1016/0169-5347(87)90019-X
https://doi.org/10.1086/706199
https://doi.org/10.1093/botlinnean/box095
https://doi.org/10.1017/S0016756897007243
https://doi.org/10.1016/J.YMPEV.2008.03.009
https://doi.org/10.1016/J.YMPEV.2008.03.009
https://doi.org/10.1093/SYSBIO/SYR126
https://doi.org/10.3732/AJB.0800132
https://doi.org/10.1046/j.1365-294X.2002.01507.x
https://doi.org/10.1038/s41467-021-21757-5
https://doi.org/10.1038/s41467-021-21757-5
https://doi.org/10.1016/J.PLANTSCI.2016.01.006
https://doi.org/10.1016/J.PLANTSCI.2016.01.006
https://doi.org/10.1093/AOB/MCV159
https://doi.org/10.1002/TAX.595003
https://doi.org/10.1111/nph.13482
https://doi.org/10.1098/RSPB.2008.1204
https://doi.org/10.3732/AJB.91.2.228
https://doi.org/10.1098/RSTB.2008.0051
https://doi.org/10.1098/RSTB.2008.0051
https://doi.org/10.1093/aob/mcs252
https://doi.org/10.1016/J.TREE.2020.10.019
https://CRAN.R-project.org/package=raster
https://doi.org/10.1111/NPH.13230
https://doi.org/10.1016/J.YMPEV.2021.107342
https://doi.org/10.1016/J.YMPEV.2021.107342
https://doi.org/10.1046/j.1095-8312.2002.00088.x
https://doi.org/10.1046/j.1095-8312.2002.00088.x
https://doi.org/10.1078/1433-8319-00013
https://doi.org/10.1002/ECE3.4881
https://doi.org/10.1038/sdata.2017.122
https://doi.org/10.5061/dryad.kd1d4
https://doi.org/10.1371/journal.pone.0002139
https://doi.org/10.1007/S00035-021-00265-8/TABLES/1
https://doi.org/10.1111/EVO.13594
https://doi.org/10.1016/S0169-5347(97)01219-6
https://doi.org/10.2307/1931934
https://doi.org/10.2307/sysbio/15.2.141
https://doi.org/10.1126/science.279.5359.2115
https://doi.org/10.1038/nature07893
https://doi.org/10.1046/j.1365-294X.1996.00090.x
https://doi.org/10.1046/j.1365-294X.1996.00090.x
https://doi.org/10.1038/s41586-021-03958-6
https://doi.org/10.1002/tax.562016
https://doi.org/10.3389/fpls.2022.1023595
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

dos Santos et al.

Mudrak, O., lv(ehounkové, K., Vitovcova, K., Tichy, L., and Prach, K. (2021).
Ability of plant species to colonise human-disturbed habitats: Role of phylogeny
and functional traits. Appl. Veg. Sci. 24, €12528. doi: 10.1111/AVSC.12528

Nevado, B., Atchison, G. W., Hughes, C. E., and Filatov, D. A. (2016).
Widespread adaptive evolution during repeated evolutionary radiations in new
world lupins. Nat. Commun. 7, 12384. doi: 10.1038/ncomms12384

Niirk, N. M., Atchison, G. W., and Hughes, C. E. (2019). Island woodiness
underpins accelerated disparification in plant radiations. New Phytol. 224, 518-531.
doi: 10.1111/nph.15797

Niirk, N. M., Scheriau, C., and Madrifan, S. (2013). Explosive radiation in high
Andean Hypericum-rates of diversification among new world lineages. Front.
Genet. 4. doi: 10.3389/fgene.2013.00175

Orme, D., Freckleton, R., Thomas, G., Petzoldt, T., Fritz, S., Isaac, N., et al
(2018). caper: Comparative Analyses of Phylogenetics and Evolution in R R
package version 1.0.1.. https://CRAN.R-project.org/package=caper

Otto, R,, Whittaker, R. J., von Gaisberg, M., Stierstorfer, C., Naranjo-Cigala, A.,
Steinbauer, M. J., et al. (2016). Transferring and implementing the general dynamic
model of oceanic island biogeography at the scale of island fragments: The roles of
geological age and topography in plant diversification in the Canaries. J. Biogeogr.
43, 911-922. doi: 10.1111/jbi.12684

Paradis, E. (2013). Molecular dating of phylogenies by likelihood methods: A
comparison of models and a new information criterion. Mol. Phylogenet. Evol. 67,
436-444. doi: 10.1016/].YMPEV.2013.02.008

Prusinkiewicz, P., Erasmus, Y., Lane, B., Harder, L. D., and Coen, E. (2007).
Evolution and development of inflorescence architectures. Science 316, 1452-1456.
doi: 10.1126/science.1140429

Rauh, W. (1978). “Die wuchs-und lebensformen der tropischen
hochgebirgsregionen und der subantarktis—ein vergleich,” in Geodkologische
beziehungen zwischen der temperierten zone der siidhalbkugel und den
tropengebirgen. Eds. C. Troll and W. Lauer (Wiesbaden, Germany: Franz Steiner
Verlag), 62-92.

Revell, L. J. (2009). Size-correction and principal components for interspecific
comparative studies. Evolution 63, 3258-3268. doi: 10.1111/j.1558-
5646.2009.00804.x

Revell, L. J. (2012). Phytools: An r package for phylogenetic comparative biology
(and other things). Methods Ecol. Evol. 3, 217-223. doi: 10.1111/j.2041-
210X.2011.00169.x

Revell, L. J. (2014). “Graphical methods for visualizing comparative data on
phylogenies,” in Modern phylogenetic comparative methods and their application in
evolutionary biology: Concepts and practice. Ed. L. Z. Garamszegi (Berlin,
Heidelberg: Springer Berlin Heidelberg), 77-103. doi: 10.1007/978-3-662-43550-
2.4

Ringelberg, J. J., Zimmermann, N. E., Weeks, A., Lavin, M., and Hughes, C. E.
(2020). Biomes as evolutionary arenas: Convergence and conservatism in the trans-
continental succulent biome. Glob. Ecol. Biogeogr. 29, 1100-1113. doi: 10.1111/
GEB.13089

Frontiers in Plant Science

13

10.3389/fpls.2022.1023595

Robichaux, R. H.,, Carr, G. D., Liebman, M., and Pearcy, R. W. (1990). Adaptive
radiation of the Hawaiian silversword alliance (Compositae- madiinae): Ecological,
morphological, and physiological diversity. Ann. Missouri Bot. Gard. 77, 64-72.
doi: 10.2307/2399626

Ronco, F., Matschiner, M., Bohne, A., Boila, A., Biischer, H. H., El Taher, A.,
et al. (2021). Drivers and dynamics of a massive adaptive radiation in cichlid fishes.
Nature 589, 76-81. doi: 10.1038/s41586-020-2930-4

Rowe, N., and Speck, T. (2005). Plant growth forms: An ecological and
evolutionary perspective. New Phytol. 166, 61-72. doi: 10.1111/j.1469-
8137.2004.01309.x

Rudolf, V. H. W., and Rasmussen, N. L. (2013). Population structure determines
functional differences among species and ecosystem processes. Nat. Commun. 4,
2318. doi: 10.1038/ncomms3318

Santiago, L. S., and Wright, S. J. (2007). Leaf functional traits of tropical forest
plants in relation to growth form. Funct. Ecol. 21, 19-27. doi: 10.1111/].1365-
2435.2006.01218.X

Schenk, J. J. (2021). The next generation of adaptive radiation studies in plants.
Int. J. Plant Sci. 182, 245-262. doi: 10.1086/713445

Schenk, H. J., Espino, S., Goedhart, C. M., Nordenstahl, M., Martinez Cabrera,

H. L, and Jones, C. S. (2008). The institute of ecosystem studies. PNAS 105, 11248—
11253. doi: 10.1073/pnas.0804294105

Schluter, D. (2000). The ecology of adaptive radiation (Oxford: Oxford
University Press).

R Core Team. (2021). R: A language and environment for statistical computing
(Vienna, Austria: R Foundation for Statistical Computing).

Testolin, R., Attorre, F., Borchardt, P., Brand, R. F., Bruelheide, H., Chytry, M.,
et al. (2021). Global patterns and drivers of alpine plant species richness. Glob. Ecol.
Biogeogr. 30, 1218-1231. doi: 10.1111/geb413297

van der Plas, F. (2019). Biodiversity and ecosystem functioning in naturally
assembled communities. Biol. Rev. 94, 1220-1245. doi: 10.1111/BRV.12499

Weber, M., Wagner, C., Best, R., Harmon, L., and Matthews, B. (2017).
Evolution in a community context: on integrating ecological interactions and
macroevolution. Trends Ecol. Evol. 32, 291-304. doi: 10.1016/j.tree.2017.
01.003

Whitman, T., and Aarssen, L. W. (2010). The leaf size/number trade-off in
herbaceous angiosperms. J. Plant Ecol. 3, 49-58. doi: 10.1093/JPE/RTP018

Whittaker, R. J., Fernandez-Palacios, J. M., Matthews, T. J., Borregaard, M. K.,
and Triantis, K. A. (2017). Island biogeography: Taking the long view of natures
laboratories. Science 357, 6354. doi: 10.1126/SCIENCE.AAM8326

Wilson, E. O. (1961). The nature of the taxon cycle in the Melanesian ant fauna.
Am. Nat. 95, 169-193. doi: 10.1086/282174

Zimmermann, N. E., Yoccoz, N. G., Edwards, T. C., Meier, E. S., Thuiller, W.,
Guisan, A., et al. (2009). Climatic extremes improve predictions of spatial patterns
of tree species. Proc. Natl. Acad. Sci. U. S. A. 106, 19723-19728. doi: 10.1073/
pnas.0901643106

frontiersin.org


https://doi.org/10.1111/AVSC.12528
https://doi.org/10.1038/ncomms12384
https://doi.org/10.1111/nph.15797
https://doi.org/10.3389/fgene.2013.00175
https://CRAN.R-project.org/package=caper
https://doi.org/10.1111/jbi.12684
https://doi.org/10.1016/J.YMPEV.2013.02.008
https://doi.org/10.1126/science.1140429
https://doi.org/10.1111/j.1558-5646.2009.00804.x
https://doi.org/10.1111/j.1558-5646.2009.00804.x
https://doi.org/10.1111/j.2041-210X.2011.00169.x
https://doi.org/10.1111/j.2041-210X.2011.00169.x
https://doi.org/10.1007/978-3-662-43550-2_4
https://doi.org/10.1007/978-3-662-43550-2_4
https://doi.org/10.1111/GEB.13089
https://doi.org/10.1111/GEB.13089
https://doi.org/10.2307/2399626
https://doi.org/10.1038/s41586-020-2930-4
https://doi.org/10.1111/j.1469-8137.2004.01309.x
https://doi.org/10.1111/j.1469-8137.2004.01309.x
https://doi.org/10.1038/ncomms3318
https://doi.org/10.1111/J.1365-2435.2006.01218.X
https://doi.org/10.1111/J.1365-2435.2006.01218.X
https://doi.org/10.1086/713445
https://doi.org/10.1073/pnas.0804294105
https://doi.org/10.1111/geb.13297
https://doi.org/10.1111/BRV.12499
https://doi.org/10.1016/j.tree.2017.01.003
https://doi.org/10.1016/j.tree.2017.01.003
https://doi.org/10.1093/JPE/RTP018
https://doi.org/10.1126/SCIENCE.AAM8326
https://doi.org/10.1086/282174
https://doi.org/10.1073/pnas.0901643106
https://doi.org/10.1073/pnas.0901643106
https://doi.org/10.3389/fpls.2022.1023595
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Plant growth forms dictate adaptations to the local climate
	Introduction
	Material and methods
	Study system and data collection
	Statistical analyses

	Results
	Climatic characterization and occupancy
	Macroclimate of species and growth forms
	Morphological profile of growth forms
	Evidence of adaptations to climate

	Discussion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


