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Insular woodiness (I'W)—the evolutionary transition from herbaceousness toward wood-
iness on islands—is one of the most iconic features of island floras. Since pioneering
work by Darwin and Wallace, a number of drivers of I'W have been proposed, such as 1)
competition for sunlight requiring plants with taller and stronger woody stems and 2)
drought favoring woodiness to safeguard root-to-shoot water transport. Alternatively,
I'W may be the indirect result of increased lifespan related to 3) a favorable aseasonal cli-
mate and/or 4) a lack of large native herbivores. However, information on the occurrence
of IW is fragmented, hampering tests of these potential drivers. Here, we identify 1,097
insular woody species on 375 islands and infer at least 175 evolutionary transitions on
31 archipelagos, concentrated in six angiosperm families. Structural equation models
reveal that the insular woody species richness on oceanic islands correlates with a favor-
able aseasonal climate, followed by increased drought and island isolation (approximat-
ing competition). When continental islands are also included, reduced herbivory
pressure by large native mammals, increased drought, and island isolation are most rele-
vant. Our results illustrate different trajectories leading to rampant convergent evolution
toward IW and further emphasize archipelagos as natural laboratories of evolution,
where similar abiotic or biotic conditions replicated evolution of similar traits.

drought | island syndrome | phylogenetically derived woodiness | secondary woodiness |
wood formation

The repeated evolution of peculiar morphological, physiological, and behavioral traits in
insular lineages is described in island syndromes (1-4). Iconic examples in the animal
kingdom include flightlessness in birds and insects (5, 6), naivety toward predators (7),
and changes in body size (8, 9). In angiosperms, the evolution of herbaceousness toward
insular woodiness (IW) is one of the most prominent aspects of island floras (4, 10-12).
Famous examples include the Hawaiian silverswords (Dubautia and Argyroxiphium) and
woody violets (Viola), as well as the Macaronesian tree lettuces (Sonchus) and viper
buglosses (Echium). Notably, angiosperms evolved from a woody ancestor, making them
ancestrally woody and invoking that nonwoody (herbaceous) angiosperms lost their
woodiness during evolutionary history (13). Therefore, I'W represents a phylogenetically
derived state that is an evolutionary reversion (14).

In contrast to well-documented island syndromes in animals, W and its evolutionary
drivers remain poorly understood (10, 11). Most existing hypotheses postulate that 1)
biological competition among colonizing herbs in open island vegetations favors taller
stems that need to be mechanically stronger—and hence woodier—to capture more
sunlight (15, 16). Alternatively, 2) increased drought stress demands better protection
of root-to-shoot water transport against hydraulic dysfunction (17-19). IW may also be
an indirect result of selection for longer lifespan induced via 3) a more favorable aseaso-
nal climate buffered by the surrounding oceans, leading to continuous growth that is
not interrupted by frost (11), and/or via 4) reduced herbivory due to a lack of large
native herbivores on islands, and hence continuous growth without damage to above-
ground plant organs before successful reproduction (11). Testing these four hypotheses
at the global scale has so far been hampered by fragmented knowledge about I'W, miss-
ing information on evolutionary relationships, and a lack of standardized descriptions
of island environments. For instance, existing IW studies have focused on a few iconic
clades on oceanic islands of volcanic origin (20, 21) or a single oceanic archipelago
(12, 22), leaving most insular woody clades across the world unidentified. Therefore,
documenting and understanding IW remains at the forefront of island biology (23),
despite pioneering work by Darwin (15), Hooker (24), Wallace (25), and others.

To reveal the global drivers of I'W, we compiled a dataset of insular woody species
(IWS) in nonmonocot angiosperms from oceanic islands and islands on the continental
shelf. We identified IWS and inferred the timing and number of evolutionary transi-
tions to IW per archipelago and plant family based on information from hundreds of
molecular phylogenies, floras, and taxonomic revisions. We then combined this dataset
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Insular woodiness, the evolution
of woodiness in plant species that
inhabit islands, is the most
conspicuous aspect of island
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flightlessness in birds and
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Yet scientific evidence on insular
woodiness has been too
fragmented to understand its
distribution and evolutionary
origins. Here, we identify more
than 1,000 insular woody species
resulting from at least 175
independent evolutionary
transitions on 31 different
archipelagos around the world. In
combination with global data on
island species composition,
climate, and environment
conditions, we test multiple
longstanding hypotheses
regarding the origins of insular
woodiness and find that the
absence of herbivores and traits
related to drought stress are best
correlated with the occurrence of
insular woody species across all
islands.
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with past and present environmental data on islands worldwide
to test four IW hypotheses. We specifically targeted three
central themes with respect to IW evolution:

1) Species identity and evolution of IW. How many IWS are
there? How many times did IW evolve and in which line-
ages? How clustered is IW on the angiosperm tree of life?

2) Geographic distribution of IW. Are IWS and evolutionary
transitions to IW equally distributed across archipelagos? Is
IW prevailing on oceanic compared to continental islands?

3) Drivers of IW distribution. Do the IW drivers differ between
island groups (e.g., oceanic islands vs. all islands)? Which
IW hypotheses (competition, drought, favorable aseasonal
climate, and reduced herbivory) are supported by the
global distribution of I'W?

We test these hypotheses in two ways by quantifying the cor-
relation of 1) the extant distribution of IWS with environmen-
tal conditions and 2) the number of independent evolutionary
transitions with long-term environmental conditions on islands
worldwide.

Results

Species Identity and Evolution of IW. We identified 1,097 IWS
belonging to 149 genera and 32 families, representing at least
175 evolutionary transitions. IW was widespread across the tree
of life of nonmonocot angiosperms but concentrated in only few
plant families (Fig. 1; ST Appendix, Fig. S1; and Dataset S1 for a
list of TWS). Most IWS (898 species, or 82% of all IWS) and
evolutionary transitions toward IW (131 transitions, or 75% of
all recorded transitions) occurred in the superasterids clade, with
most species in only two families: Gesneriaceae (327 species, or
30%) and Asteraceae (256 species, or 23%). The top five families
with evolutionary transitions to IW (comprising 91 transitions or
52% of all observed transitions) were: Asteraceaec (member of the
superasterids, 47 transitions or 27% of all observed transitions),
Amaranthaceae (superasterids, 15 transitions or 9%), Brassicaceae
(superrosids, 12 transitions or 7%), Rubiaceae (superasterids, 10
transitions or 6%), and Campanulaceae (superasterids, 7 transi-
tions or 4%) (Dataset S2 for the number of IWS and minimum
number of IW shifts per genus). In Gesneriaceae, a low number
of transitions led to at least 245 IWS due to the spectacular radia-
tion of the genus Cyrtandra (Fig. 1). Stem ages for 61 insular
woody clades with time-calibrated phylogenies available varied
from 19.7 to 0.1 Ma before present, with 51 of the lineages dat-
ing back less than 10 Ma; many of these recent IW clades were
endemic to the Canary Islands (S7 Appendix, Fig. S2).

We found mixed results concerning the phylogenetic cluster-
ing of IW. At the family level, the mean pairwise distance
(MPD) suggested phylogenetic clustering of the occurrence of
IWS against a null model (MPDperved = 222.2, MPD,; =
238.1, standardized effect size = —3.96, P = 0.01). In contrast,
the mean nearest-taxon distance (MNTD) rejected phylogenetic
clustering of the occurrence of IWS compared to a null model
(MNTDgpserved = 136.9, MNTD,,,; = 154.8, standardized
effect size = —1.848, P = 0.07). Since MPD and MNTD quan-
tify phylogenetic structure at different tree depths (MPD
describes the basal signal and MNTD describes the more termi-
nal signal) (26), these results likely reflect the concentration of
IW in specific clades of the angiosperm tree of life, particularly
the superasterids, as well as the more random distribution of I'W
within these clades (Fig. 1). At the genus level, Pagel’s lambda
(4) indicated weak but significant phylogenetic clustering in the
proportion of IWS per genus (mean 4 across replicates = 0.013,
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with P < 0.05 for difference to 4 = 0 for all replicates). How-
ever, Blomberg’s K indicated no phylogenetic signal in the pro-
portion of TWS per genus (mean K across replicates =0.03, P>
0.05 for all replicates). These results indicate that the proportion
of IWS per genus was significantly different from the expecta-
tion of a Brownian motion model and the proportion of IWS
varies also among closely related genera (i.e., the variances in
IWS per genus was within, rather than among, clades). Based on
the distribution of IWS across families, we expect stronger phy-
logenetic clustering at the species level. However, we could not
assess phylogenetic clustering at the species level because the cur-
rently available angiosperm-wide phylogenies only contain a

small fraction of the IWS.

Geographic Distribution of IW. WS occurred on islands world-
wide, but generally, the number and relative representation of
IWS were low on islands outside the tropics or subtropics
(Fig. 2). Of the 175 evolutionary shifts toward IW, we could
confidently assign 162 shifts to 31 individual archipelagos
(Fig. 3). Globally, the Canary Islands (204 IWS representing
18% of all IWS and at least 33 evolutionary transitions to IW,
accounting for 19% of all transitions) and the Hawaiian archi-
pelago (199 species, or 18%, and 17 transitions, or 10%)
emerged as centers of IW, followed by the Malay Archipelago
(129 species, or 11%, and 12 transitions, or 7%), and the West
Indies (98 species, or 9%, and transitions 11, or 6%). Addi-
tional oceanic archipelagos with a considerable number of TWS
and evolutionary transitions were Madeira (36 species, or 3%,
and six transitions, or 3%), Juan Fernandez Islands (35 species,
or 3%, and eight transitions, or 5%), and Mascarenes (34 species,
or 3%, and three transitions, or 2%) (Dataset S3). The top three
individual islands with the highest number of IWS were Tenerife
(97 species, Canary Islands), Kaua’i (79 species, Hawaiian archi-
pelago), and Madagascar (78 species). Of the 10 single islands
with the most IWS, 8 belonged to the Canary Islands or the
Hawaiian archipelago. The islands with the highest proportion of
IWS on the total known angiosperm flora were Santa Fé (25%,
Galdpagos), Robinson Crusoe Island (25%, Juan Fernindez),
and Kaho’olawe Island (21%, Hawaiian archipelago). The conti-
nental island with the highest proportion of IWS was the South
Island of New Zealand (3.2%, rank 61 of all islands). The pro-
portion of IWS varied significantly within archipelagos, in particu-
lar for the two archipelagos with the most IWS: from 21%
(Kaho'olawe) to 9% (Lana’i) for the Hawaiian archipelago and
from 16% (Tenerife) to 7% (Lanzarote) for the Canary Islands
(Fig. 2 and SI Appendix, Fig. S3).

Potential Drivers of IW. On oceanic islands, we found direct
correlations between the number of IWS and explanatory varia-
bles related to the competition, drought, and favorable aseasonal
climate hypotheses after statistically accounting for differences in
island area, mean elevation, and total number of angiosperm spe-
cies (Fig. 4 and SI Appendix, Fig. S4 and Table S1). As expected,
we found direct, negative effects of precipitation change velocity
since the last glacial maximum (used as a proxy for long-term
favorable aseasonal climate; Table 1 and Methods for details)
and the number of frost days (favorable aseasonal climate) on
the number of IWS. This shows that more stable or predictive
climates—both historical and present day—favored IWS. Fur-
thermore, we detected a positive effect of precipitation seasonal-
ity and a negative effect of precipitation of the warmest quarter,
supporting the hypothesis that drought may increase the number
of TWS. Last, we found that distance to the nearest continent
positively affected IWS, suggesting that more isolated islands
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Fig. 1.

IW across the nonmonocot angiosperm tree of life. The phylogenetic tree shows the number of IWS (inner ring) and the minimum number of evolu-

tionary transitions in each family (outer ring). The inlets show additional information for the families with the highest number of species and transitions: the
bubbles show the three archipelagos comprising the highest proportion of IWS in the family (proportion scales with radius, not area; bubbles are to scale
across families). The bar chart shows the contribution of the three genera comprising most IWS in each family to the total number of IWS in this family
(in percent). Bottom: The stacked bar chart shows the proportion of IWS occurring in open habitats, forest, and forest and open habitats (variable); gray
shows the proportion of species for which no habitat information was available.
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Fig. 2. Global geographic distribution of IW at the level of islands. (A) Number of IWS across all islands. (B and C) Proportion of IWS of the total flora on
islands of the two archipelagos with the most IWS: the Canary Islands and the Hawaiian archipelago. The inlet pictures show three iconic examples of IWS:
Echium virescens on the Canaries (picture F. Lens, Naturalis Biodiversity Center, Leiden, The Netherlands) and Argyroxiphium sandwicense and Dubautia waialealae
on Hawaii (silverswords, pictures by Seana Walsh and Ken Wood, National Tropical Botanical Garden, Kaua'i, HI, USA).

with fewer woody competitors in the resident population may
have more IWS (competition; Fig. 44).

When also including continental islands, the importance of
the explanatory variables changed considerably (Fig. 45). Most
notably, the direct effects of the explanatory variables related to
reduced herbivory were most important, followed by variables
related to drought, competition, and favorable aseasonal climate.
Specifically, we found a negative effect of mammal herbivore
species richness on the number of IWS, suggesting that a lack of
mammalian herbivory opened up ecological opportunity for
IWS. Furthermore, we found a negative effect of the aridity
index (lower aridity index indicating drier climate) and precipita-
tion of the warmest quarter and a positive effect of precipitation
seasonality on IWS, thus supporting a positive effect of drought
on the number of IWS. Instead of climate velocity or number of
frost days, in the all-island model, we detected a negative effect
of temperature seasonality on IWS, suggesting that less seasonal
climates (for temperature) favored the occurrence of IWS.
Finally, and consistent with the results for oceanic islands, we
also found a positive effect of island isolation on the number of
IWS species per island (Fig. 4B).

Additionally, for both models, we found indirect effects of
explanatory variables related to all hypotheses via the total
angiosperm richness and the species richness of large-mammal
herbivores (Fig. 4). The results were qualitatively similar when
excluding the Hawaiian archipelago and the Canary Islands as
outliers (S Appendix, Table S1), suggesting that these enig-
matic and classical examples of IW do not drive the global
patterns we found. Overall, the model fit was high for all
structural equation models and best for oceanic islands alone
(including the Canary Islands and the Hawaiian archipelago;
R%,ceanic = 0.61 vs. R%,;; = 0.55; SI Appendix, Table S1).

4 of 11 https://doi.org/10.1073/pnas.2208629119

Concerning the number of evolutionary transitions to IW at
the archipelago level, we tested the competition and favorable
aseasonal climate hypotheses. Due to a lack of relevant measure-
ments or proxies of environmental variables across evolutionary
time, we could not test the other hypotheses here (Methods for
details). We found a strong and significant positive effect of the
archipelago area on the number of transitions (but not on
the presence or absence of any shifts, i.e., in the count but not
the zero hurdle components of the model). In contrast, we did
not find a significant effect of distance to nearest continent, vicin-
ity to the equator, or minimum archipelago age (SI Appendix,
Table S2 and Fig. S5), neither for the number nor for the occur-
rence of evolutionary transitions. Consequently, our results did
not support the predictions from the competition hypothesis
(more transitions on more isolated islands) and the favorable cli-
mate hypothesis (more transitions on islands closer to the equator
with more favorable climate on evolutionary timescales).

Discussion

Here, we provide a comprehensive global overview of the taxon-
omy, geography, and evolution of IW and use global data in a
correlative approach to test IW hypotheses originally postulated
based on incomplete data from only iconic taxa, individual
islands, and archipelagos. We identified at least 175 evolutionary
transitions from herbaceousness toward IW across angiosperms,
giving rise to over 1,000 IWS. This more than triples the known
number of IWS and IW transitions [e.g., (20, 22, 27)]. A large
majority of these IWS are nested in the superasterids clade (par-
ticularly in the families Gesneriaceae and Asteraceae; Fig. 1) and
mainly belong to relatively young lineages that originated less
than 10 Ma ago (S/ Appendix, Fig. S2). Our results show IW as
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ple Southern Indian Ocean islands (Kerguelen, Crozet, Prince Edward, and Heard and MacDonald Islands).

a widespread phenomenon and reveal oceanic (i.e., typically vol-
canic) islands in the meridional and tropical climatic belts as
centers of IWS richness (Fig. 2) and as main locations for evolu-
tionary transitions toward I\W (Fig. 3). Among oceanic islands,
the Canary and Hawaiian Islands prevail in terms of number of
IWS (204 vs. 199) as well as transitions (17 vs. 33) (12, 20, 28)
(Dataset S2), even when excluding the spectacular Hawaiian
lobelioid radiation with an unclear origin of woodiness. Among
continental islands, the flora of Madagascar stands out (78 TWS
and 13 transitions). New Caledonia, in contrast, harbors surpris-
ingly few IWS and evolutionary transitions (3 IWS and 0 transi-
tions), despite its tropical climate and the total submergence of
the island during the Late Cretaceous and Early Paleogene (29)
(resulting in the chance of herbaceous populations to colonize
the island after reemergence and evolve IW as a response to com-
petition). The occurrence of 395 IWS on continental islands, as
well as 808 derived woody island species that evolved their wood-
iness on nearby continents prior to island colonization, invokes
the question of how common evolutionary transitions toward
woodiness occurred on continents. For instance, we consider the
Hawaiian lobelioid clade (Campanulaceae)—the most conspicu-
ous radiation of (woody) species on the archipelago, with 126
species—provisionally as derived woody until molecular phyloge-
nies provide more insight into the habit of the ancestral lineage that
colonized the archipelago (30). A prime example of a woody island
radiation that developed its woodiness on adjacent continents is
Veronica (Plantaginaceae), with 118 derived woody island species,
mainly native to New Zealand (former genera Hebeand Parabebe).
We used IWS richness and its correlation with island environ-
mental characteristics to test four hypotheses that explore why
plants evolved their woodiness on islands. The direct (and most
indirect) effects observed in our structural equation models indi-
cate that variables that prolong plant longevity—due to favorable
aseasonal climatic conditions and perhaps also reduced herbivory
(11)—as well as variables linked with drought (12, 22) and per-
haps also competition (15, 16) (approximated by island isolation),
likely acted as global drivers of IW (Fig. 4 and Table 1). A positive
correlation between increased lifespan and woodiness is expected
based on differences in longevity between nonwoody species
(annual or short-lived perennials) vs. woody species (longer-lived

PNAS 2022 Vol. 119 No.37 2208629119

perennials) in nature. Moreover, there is evidence from the
AT-HOOK MOTIF NUCLEAR LOCALIZED 15 gene that pro-
motes longevity in flowering plants and at the same time controls
vascular cambium initiation and activity (31, 32). Similarly, the
link between increased woodiness or lignification and increased
drought tolerance has been experimentally validated in a number
of studies that combine detailed anatomical observations with
xylem physiological measurements in stems of multiple lineages
(18, 33, 34). In contrast, the results from the competition
hypothesis are more complex, because 1) the effect of competi-
tion (approximated as island isolation) does not change on more
isolated oceanic islands with initially open vegetation compared
to all islands, including continental islands with remains of ini-
tial dense forests in which herbaceous species are outcompeted
for light (Fig. 4), and 2) Darwin’s central assumption for the
competition hypothesis was that trees rarely reach islands due to
dispersal limitation (35), which is questionable (36-38). In addi-
tion to the hypotheses tested in this study, further biotic interac-
tions may also affect IW evolution. This has been formalized in
the additional promotion-of-outcrossing hypothesis, suggesting
that increased plant lifespan and related IW are a consequence of
longer flowering times that are essential in an insect-poor island
environment to promote cross-pollination (25, 39). However,
this hypothesis may be only applicable to isolated islands with
low occurrence of pollinators, while high pollinator diversity
does not necessarily impact the number of IWS, as exemplified
by the Canary Islands (40).

When comparing the importance of the explanatory variables
in the structural equation models, including oceanic islands vs.
all islands (Fig. 4), some additional differences with respect to
potential IW drivers apply specifically to oceanic islands. For
instance, the reduced importance of island area and time-
integrated richness of large-mammal herbivores on oceanic
islands is likely caused by their small area and the rare occur-
rence of native mammal herbivores. In contrast, the precipitation
change velocity since the last glacial maximum and the number
of frost days increase in importance, suggesting that long-term
climate stability in the more isolated oceanic islands is a more
relevant driver of IW compared to continental islands that are
often closer to continents and often larger, with more potential
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ness of arrows is proportional to the effect size, and colors link explanatory variables with hypotheses for the evolution of IW. Herbivore species = time-
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variables, and S/ Appendix, Table S1 for all effect sizes. Only predictors with at least one significant direct or indirect effect are shown. The deer silhouette by

Birgit Lang in the public domain from www.phylopic.org.

refugia under climate change (Fig. 4 and SI Appendix, Fig. S6).
Our results indicate that the mechanisms behind the evolution
of IW are complex, including involvement of multiple variables
related to plant longevity (i.e., stable climate and reduced herbi-
vore pressure), drought, and arguably island isolation. Although
the global IW hypotheses are similarly supported when compar-
ing oceanic vs. all islands, the type of island does seem to affect
the extent to which individual variables, as proxies for these
hypotheses, act on wood formation (Fig. 4). This may be linked
to ecological and evolutionary processes that are simultaneously
affected, such as higher speciation rates on oceanic islands (41).
At a finer scale, the mechanisms driving IW likely become
even more complex, as different environmental conditions
within and across archipelagos may drive IW. For instance, in
addition to the different age (42, 43) and isolation of the

https://doi.org/10.1073/pnas.2208629119

Canary Islands vs. the Hawaiian archipelago (100 vs. 3,200 km
to the nearest continent, respectively), the majority of IWS on
the Canary Islands are native to dry, open habitats that receive
less than 500 mm of precipitation per year (12). In contrast,
many IWS on the Hawaiian archipelago are thriving in wet
rainforests (up to 10,000 mm of mean annual precipitation;
Fig. 1) (44). The number of IWS in these contrasting vegeta-
tion types likely reflects general patterns of angiosperm diversi-
fication on these archipelagos, since dry habitats on the Canary
Islands are common and harbor most angiosperm species (45),
whereas on the Hawaii archipelago, wet forests have the highest
angiosperm species richness (44). Moreover, drivers can be
taxon specific, since the habitat preferences of IWS may be
unique for each family (Fig. 1). Additional complexity arises
from the intersection of different environmental drivers and
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Table 1. Existing hypotheses for the evolution of IW, along with resulting predictions and the outcome of the
analyses in this study

Hypothesis Argumentation Predictions tested in this study

Competition When isolated oceanic islands emerge, The number of IWS is higher on more

Downloaded from https://www.pnas.org by Frederic Lens on September 6, 2022 from |P address 217.104.11.233.

Favorable aseasonal climate

Reduced herbivory

they are first colonized by herbaceous
lineages that generally have better
long-distance dispersal abilities
compared to tree lineages. In this
initial vegetation without trees,
competition for light among dense
herbaceous populations selects for
taller plants, which need to
mechanically reinforce their stems,
leading to wood formation (15). This
idea is extended by Givnish (16), who
argued that natural selection will
favor woodiness if pioneer
immigrants of open habitats invade
denser habitats.

Species with woody stems are more
drought tolerant than their
herbaceous counterparts and often
grow in (seasonally) dry habitats
(12, 18). The more lignified wood cell
walls and its fine-scale adaptations in IW
stems are able to avoid the formation
and spread of spontaneous drought-
induced air bubbles that can block the
long-distance water transport from
roots to leaves (18). This air blockage is
one of the prime mechanisms leading to
drought-induced plant mortality (17)
and points to drought as a potential
driver of IW (19).

A favorable aseasonal climate (without
frost), caused by the buffering effect
of the surrounding ocean, leads to a
continuous growth period throughout
the year. This continuous growth
period leads to increased plant age,
which in turn favors woodiness in
stems (11).

The absence of native large-mammal
herbivores on islands allows short-lived
herbaceous species to live longer,
inducing evolution of woody shrubs (11).

isolated oceanic islands (supported).
Evolutionary transitions toward IW are

more common on more isolated

oceanic archipelagos (rejected).

The number of IWS is positively
correlated with drought expressed by
precipitation seasonality (supported),
less precipitation in the warmest
quarter of the year (supported), and a
lower aridity index (rejected®).

IWS occur predominantly in open rather
than forest habitats on individual
archipelagos (rejected, since habitat
importance varies with plant family;
Fig. 1).

The number of IWS is negatively
correlated with number of frost days
(supported®*), higher past climate
change velocity in temperature
(rejected) and precipitation
(supported*), and higher temperature
seasonality (rejected®).

Evolutionary transitions toward IW are
more common on islands in lower
latitudes, characterized by a more
stable favorable paleoclimate (rejected).

The number of IWS is positively
correlated with the time-integrated
species richness of large-mammal
herbivores richness (rejected?).

A fifth hypothesis on the role of pollinators and longevity was not tested in this study due to lack of a global island pollinator dataset. The results of the analyses concerning each
prediction are shown in the last column and relate to a model including only oceanic islands. Asterisks indicate instances in which the results from the model including only oceanic

islands differed from results of a model including oceanic and continental islands (Fig. 4).

IW hypotheses, since isolation, for instance, may affect compe-
tition, as well as herbivore pressure and pollinator abundance/
diversity. One may assume that more detailed information
about contemporary distribution patterns of I'WS would lead to
precise estimation of these finer-scale drivers, but this may not
necessarily be true. The geologically dynamic nature of the
islands, the presence of contrasting habitats on a single island,
and the uncertainties involved in any dating study (57 Appendix,
Fig. S3) are important bottlenecks for accurately assessing in
which habitat and paleoclimate insular woody lineages have

evolved (22, 46).

PNAS 2022 Vol. 119 No.37 2208629119

In addition to the environmental conditions potentially favor-
ing the evolution to IW on a specific archipelago, intrinsic
aspects of the herbaceous colonizing population are important to
determine whether this lineage has the potential to develop I'W/
(35). For instance, monocots never produce wood (47, 48),
implying that IW is per definition not possible [although a
unique type of secondary growth without wood development
occurs in a number of monocot genera (49)]. Furthermore, her-
baceous colonizers belonging to nonmonocot angiosperm line-
ages that are preadapted to radiate into the available island niches
and that have already undergone multiple IW shifts elsewhere in
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the world (e.g., Euphorbia, Begonia, Bidens, Lobelia, and Sonchus;
Dataset S2) will be more likely to evolve into multiple IWS com-
pared to herbaceous colonizers belonging to lineages with a more
trait-conservative evolutionary trajectory. Interestingly, a high
number of IW transitions per genus does not necessarily induce
increased diversification rates on different archipelagos, as exem-
plified by Plantago (7 IWS and 5 transitions), Urtica (5 TWS and
5 transitions), and Salvia (3 TWS and 3 transitions). Likewise, 77
out of the 149 genera (51%) identified in our IW study only
include a single IWS (38%) or two IWS (13%) descending from
the same colonization event (Dataset S2). This contrasts with the
idea of IW as a key innovation that links higher diversity of plant
growth forms and the opportunity to occupy a greater pheno-
typic trait space with accelerated rates of lineage diversification in
comparison to herbaceous continental relatives (20). Our obser-
vation that some insular woody lineages do not diversify, whereas
others undergo spectacular radiations [e.g., Cyrmndra with 245
species (27)], shows that other traits than IW must play an
important role in their diversification. Identifying traits that pro-
mote diversification remains a challenge in evolutionary biology
(23, 50), but there is growing evidence that hybridization—
which can be regarded as the most extreme form of outcrossing
and may overcome loss of genetic variation via founder effects in
the colonizing population—is a promising candidate (51, 52).
Our global synthesis of the phylogenetic and geographical dis-
tribution of IW fills the gap in understanding global patterns of
rampant reversions from herbaceousness toward woodiness on
islands, particularly in the tropic and meridional climatic belts.
Our results show that multiple drivers, associated with variables
increasing drought and plant longevity as a result of more favor-
able aseasonal climatic conditions and/or reduced herbivory,
affect the distribution and evolution of IW, while island isola-
tions (as proxies for competition) seems less important. The
unexpected high number of evolutionary transitions toward I'\W
in distantly related lineages confirms earlier studies in model
plants, suggesting that the gene regulatory mechanism or mecha-
nisms controlling the wood pathway or pathways must be simple
(53, 54) and potentially conserved through evolutionary time.
Our results open a route forward to investigate these mecha-
nisms (47, 55) that have shaped the more than 1,000 iconic

woody island species.

Methods

Species Identity and Evolution of IW. Wood is defined as the secondary
xylem produced by a vascular cambium (56). In angiosperms that are able to
produce wood, i.e, nonmonocot angiosperms, the exact boundary between
woody and herbaceous species is sometimes hard to define because of the con-
tinuous variation in wood development in the aboveground stem among species
(57, 58). We considered only woody island species that 1) produced a distinct
wood cylinder extending toward the upper stem parts (i.e., shrubs, trees, and lia-
nas), excluding species with only a woody stem base (woody herbs or suffrutes-
cent species, which are not woody enough according to our definition) (59), and
that 2) evolved from a herbaceous ancestor on an island, as inferred from the
available phylogenetic literature (see below for details). Our method allowed us
to distinguish woody island species that evolved woodiness on the islands
(IWS), other woody island species that evolved their woodiness on nearby conti-
nents and then expanded their range to islands (derived woody species), and
members of lineages with only woody ancestors (ancestrally woody species).

To identify IWS worldwide, we first screened molecular (and when available
time-calibrated) phylogenies from over 100 angiosperm families with a dense
sampling of woody and herbaceous species and retrieved information on habit
(woody vs. herbaceous) and geographic distribution (island vs. continental) of
these species based on 416 publications from the floristic and taxonomic litera-
ture (literature list in SI Appendix). Subsequently, we visually traced character
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evolution on these published phylogenies following a maximum parsimony
approach to assess whether the woody island species are insular woody, derived
woody, or ancestrally woody. We relied on a manual approach based on individ-
ual published phylogenies rather than modeled ancestral state reconstruction
based on a supertree or supermatrix phylogeny of angiosperms because avail-
able large-scale phylogenies of angiosperms are based on few genetic markers
and therefore represent a simplistic version of evolutionary history, often leading
to insufficient resolution or topologies conflicting with phylogenetic reconstruc-
tions from individual groups (60-62). Furthermore, because most IWS are rare,
most of them are not included in available large-scale phylogenies, biasing
model reconstructions and making a global assessment impossible. Finally, the
identification of island species on a global phylogeny (to differentiate insular
woody from derived woody species) is challenging due to the presence of wide-
spread and introduced species and the incompleteness of the Global Inventory
of Floras and Traits (GIFT) database. To illustrate these issues and verify our
approach, we have reconstructed ancestral states of woody/herbaceous and
island colonization based on stochastic character mapping (63) using 19 selected
clades extracted from a large-scale species-level phylogeny (60) (SI Appendix,
Table S3 and Dataset S4). We selected these clades based on genera to comprise
samples of woody and herbaceous species on islands worldwide. These exam-
ples illustrate the above-mentioned issues of problematic topologies [e.g., in the
Hawaiian silverswords (clade 1 in Dataset S4) and Echium (clade 8)] (20), insuffi-
ciently resolved topologies [e.g., in Lotus (clade 19)], insufficient representation
of IWS [e.g., in Bidens (clade 6), Wahlbergia (clade 7), and Didymocarpus (clade
13), which do not include a single woody species, respectively], and problems
identifying and reconstructing insular lineages [e.g., in Echium (clade 8) and
Daucus (clade 9)]. Furthermore, our approach enabled us to ensure a conserva-
tive estimate of the global number of IWS and number of transitions to IW, and
we emphasize that our estimates represent minimum numbers. Therefore, we
also ignored lineages with incomplete information on evolutionary relationships,
especially in the family Asteraceae, where at least several dozen IWS could be
added once future phylogenies allow distinguishing between IW or derived
woodiness in some island clades (e.g., the iconic Scalesia trees on the Galapagos
Islands). In addition to the IWS, we found 808 species which were derived
woody and occurred on islands but did not classify as insular woody, either
because the evolutionary origin of woodiness could not be unambiguously
placed on islands or because they clearly evolved woodiness on a continent with
subsequent dispersal to islands. When in doubt about habit, we assessed growth
form using herbarium specimens at the Naturalis Biodiversity Centre (L, U,
WAG), and observed handmade cross-sections of stems at different heights. We
then used the taxonomic information of the Leipzig Catalogue of Vascular Plants
(64) for taxonomic resolution (S Appendix, Methods). In addition, we recorded
habitat preferences of IWS, which can inform on the drivers of IW, specifically with
regard to the drought hypothesis predicting more IWS in open habitats (which
are on average drier compared to forests within the same archipelago). We there-
fore recorded habitat information from free-text habitat descriptions found in the
literature and classified species into forest- vs. open-habitat species. We consid-
ered all species occurring in both forest and any open habitat as variable. Hence,
our dataset comprised 1) the identity of IWS; 2) information on growth form, habi-
tat preferences, and geographic distribution of IWS; and 3) the number and age
of evolutionary transitions toward IW per lineage and archipelago.

To test if IW was phylogenetically clustered on the nonmonocot angiosperm
tree of life, we calculated the phylogenetic signal in the proportion of IWS per taxon
using Blomberg's K (65) and Pagel's A (66) as implemented in phytools (63). We
calculated the phylogenetic signal for the proportion of IWS species per tip on two
taxonomic levels: 1) the family level, using a family-level phylogeny (67), and 2)
the genus level, using a genus-level phylogeny obtained by randomly pruning all
but one species per genus from a large-scale phylogeny of seed plants (60). We
repeated the genus-level analysis 100 times to account for paraphyletic genera. Fur-
thermore, we calculated the phylogenetic signal in the presence of IWS (binary:
yes/no) across plant families (as a binary trait) using the MPD and MNTD (68).

Geographic Distribution of IW. To identify global hot spots and cold spots of
IW, we obtained information on island location (latitude and longitude of the
island centroid), area, mean elevation, geologic origin, and archipelago affilia-
tion via the GIFT database (69). Additionally, we obtained the total number of
native angiosperm species per island from GIFT. We classified islands based on
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their geological origin into oceanic (including volcanic islands, atolls, and raised
ocean floor), continental (shelf islands and continental fragments), and any com-
bination of oceanic and continental origin as mixed. For 83 islands where no
information on the geological origin and 4 islands for which no information on
total angiosperm richness was available from GIFT, we filled in this information
from publicly available sources (S/ Appendix, Methods). We then summarized
the number of unambiguous independent evolutionary transitions toward IW
per archipelago, as well as the number of IWS per archipelago and individual
island based on the consulted phylogenetic papers and following the archipel-
ago scheme of GIFT (69) (SI Appendix, Methods). Because the Hawaiian archi-
pelago and the Canary Islands are well-studied IW hotspots, we additionally
calculated the proportion of IWS on individual islands of these archipelagos to
illustrate the variation of IW across islands of individual archipelagos.

For all analyses, we only included islands with a size larger than 10 km?
and with 20 or more angiosperm species or at least one known IWS to avoid
biased results based on outliers with a low overall angiosperm species richness.
In addition, for the structural equation models (but not for visualization in the
figures), we only included individual islands for which an estimate of the total
angiosperm species richness was available from GIFT. As a result, we obtained
a dataset with 425 islands for visualization and, of those, 323 islands from
94 archipelagos as data for the structural equation models (S/ Appendix, Fig. S6
and Dataset S5).

Potential Drivers of IW. To test the four hypotheses on the drivers of IW
(Table 1), we used structural equation models to relate the number of IWS per
island to different island environmental characteristics. We selected as explana-
tory variables environmental conditions for which we postulate a direct influence
on the number of IWS per island under each of the hypotheses (Table 1 and S/
Appendix, Table S4) and used the structural equation models to identify statisti-
cal significance and to rank explanatory variables by effect size. We interpret a
significant correlation of an explanatory variable with the number IWS, in the
expected direction (positive or negative), as corroboration for the linked hypothe-
sis. In addition to the direct effect of the environmental conditions on the num-
ber of IWS, we included their indirect effect via the total angiosperm richness
and the time-integrated number of large-mammal herbivores in the model
when appropriate (S/ Appendix, Fig. S7). We obtained per-island values for all
environmental variables via GIFT, which were originally derived from gridded
products of various climate and elevation models or calculated based on the
islands' shapes (69).

To test the competition hypothesis, we included island isolation (the distance
to the nearest continent obtained from GIFT), as the explanatory variable in the
structural equation model. Based on Darwin's assumption that trees are dispersal
limited compared to herbs and thus rarely reach isolated islands (35), we
expected more open niches for woodiness to evolve on isolated islands due to
the absence of woody competitors and resulting competition of herbaceous colo-
nizers to fill these niches. We thus expected a positive effect of island isolation
on IWS.

To test the drought hypothesis, we included the aridity index (mean annual
precipitation/mean annual evapotranspiration; lower values indicate drier condi-
tions) (70), the precipitation of the warmest quarter (71), and the precipitation
seasonality in the structural equation model. Based on the assumption that IW
increased the resistance of plants against drought-induced gas bubble formation
inside the water-conducting cells in the wood cylinder (18, 19) (Table 1), we
expected more IWS under drier conditions. Hence, we expected more IWS on
islands with a lower aridity index, higher precipitation seasonality, and less pre-
cipitation in the warmest quarter (as approximation for the season with the most
plant growth).

To test the favorable aseasonal climate hypothesis, we included the average
number of frost days (72), temperature seasonality (71), and temperature and
precipitation change velocity since the last glacial maximum (73, 74) (the latter
two calculated as the ratio between the temporal change from 21,000 y before
present to today and the contemporary spatial change per island) in the struc-
tural equation model. Based on the assumption that a more stable favorable cli-
mate (particularly the absence of frost) favors an increased plant lifespan and
therefore wood formation (11), we expected more IWS under more stable cli-
mate conditions. Hence, we expected more IWS on islands with fewer frost
days, lower temperature seasonality, and less temperature and precipitation
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change velocity since the last glacial maximum. We included precipitation and
temperature change velocity since the last glacial maximum as proxies for long-
term climate stability, which we assume is important for the extinction rate of
IW lineages. In this context, we included precipitation change velocity since the
last glacial maximum as linked to the favorable aseasonal climate hypothesis,
rather than the drought hypothesis, since the index captures climate stability
over thousands of years, rather than specific drought conditions.

To test the reduced herbivory hypothesis, we included the time-integrated
species richness of large-mammal herbivores in the structural equation model.
We combined this index as a measure of herbivore pressure from two sources.
First, we obtained the present natural distributions of all terrestrial mammal
species with a body mass above 1 kg, at least 20% of plant material in their
diet, and potential natural distribution on islands via the Phylogenetic Atlas of
Mammal Macroecology version 1.2 (Phylacine) (75). From Phylacine, we
include mammal species that lived from the Last Interglacial (~130,000 y ago)
until the present. We selected the diet threshold to also include species with a
small percentage of vegetative plant material in their diet, since on islands,
where herbivore pressure is generally low, even species with a small fraction of
plant material in their diet may have a strong impact on plant life history. Fur-
thermore, we excluded species that exclusively eat seeds and fruits, such as
many rodents, jackals, badgers, and foxes, which have little impact on a plant's
vegetative growth. Second, to also account for the impact of herbivory at deeper
timescales, we complemented the species list from Phylacine with a list of
extinct terrestrial mammalian herbivores and omnivores from fossils recorded
in scientific literature (literature list in S/ Appendix). We included selected fossil
taxa with a high amount of plant material in their diet and more than 1 kg of
body mass that occurred over the past 20 Ma. We manually removed duplicate
entries that arose in some cases from species present in the fossil and Phylacine
data and used this list as time-integrated species richness of native large-
mammal herbivores per island (Dataset S6). We focused on mammal herbivore
pressure, since bird herbivory has distinctly different effects on plant adapta-
tions (76). Based on the assumption that reduced mammal herbivore pressure
increases plant lifespan and therefore wood formation (11), we expected more
IWS on islands with a lower time-integrated species richness of large-mammal
herbivores.

To control for the effects expected under a neutral model of IW evolution, we
included the direct effect of island area, mean elevation, and total angiosperm
richness in the structural equation model. We expect more IWS on larger islands
(due to lower extinction rates), on islands with a higher mean elevation (due to
increased habitat heterogeneity caused by geological heterogeneity), and on
islands with a higher overall angiosperm richness (due to a higher pool of evolu-
tionary lineages and potential higher background diversification rates).

We designed our structural equation models following Onstein et al. (77).
First, we normalized all variables between 0 and 1. We started with an a priori
structural equation model that included all hypothesized pathways among all
predictor variables (S/ Appendix, Fig. S3) and evaluated the model's modification
indices, model fits, and residual correlations among those (78). To ensure ade-
quate fit of structural equation models, we made sure that P values of ? tests
were greater than 0.05, with comparative fit index > 0.90 and confidence inter-
vals of the root-mean-square error of approximation < 0.05. We progressively
deleted paths with the least statistical significance from the structural equation
model until our final model only consisted of significant pathways (at P < 0.05),
for which we extracted the standardized coefficients. We tested the model resid-
uals for normality and equal variances, and we checked for extreme outliers that
could affect the results. Since IW has until recently mostly been discussed using
volcanic islands, we fitted one structural equation model focusing on oceanic
islands only (203 islands) and a second model including all islands (i.e., also
islands of continental origin; 323 islands). Furthermore, as a sensitivity analysis
to investigate drivers of IW beyond the most iconic archipelagos, which poten-
tially are outliers with regard to the number of IW species, we repeated both
analyses excluding the Hawaiian archipelago and the Canary Islands (resulting
in datasets with 188 and 307 islands for oceanic and all islands, respectively).
We fitted the structural equation models using the R package lavaan version
0.6.8 (79). Since multiple islands were missing climatic information, we used a
random forest multiple imputation method to fill these gaps (80). Specifically,
we estimated information on temperature seasonality, precipitation seasonality
and precipitation of the warmest quarter for 4 islands (1% of the islands
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included in the analysis), mean aridity index for 9 islands (2.1%), mean elevation
for 12 islands (2.9%), climate change velocity of temperature for 13 islands
(3.1%), and climate change velocity of precipitation for 27 islands (6.5%).

Spatial autocorrelation can affect results from nonspatial analyses (81). To
assess the extent of spatial autocorrelation in our data, we used correlograms
and visualized changes in Moran's | values in the raw data response variables
and in the residuals when fitting an ordinary least squares (OLS) regression
model with the same set of predictor variables on IWS richness as in the struc-
tural equation model. Moran's | values indicated that there was little (nonsignifi-
cant) spatial autocorrelation in the residuals of the OLS. The OLS model residuals
were computed using the R package ncf version 1.2.9 (82), and Moran's | values
were calculated using the R package spdep version 1.1.5 (83).

To determine under which conditions evolutionary transitions to woodiness
on islands may have occurred (as compared to under which conditions recent
IWS occur, as tested with the structural equation model), in a second step, we
related the number of independent evolutionary transitions per archipelago with
archipelago characteristics (S/ Appendix, Table S5) relevant under our research
hypotheses using generalized linear regression models. We did this analysis on
the archipelago rather than the island level, since we could rarely trace back tran-
sitions to individual islands and because volcanic archipelagos persist longer
than their individual islands and hence are more relevant on evolutionary time-
scales. To cope with zero inflation due to a large number of archipelagos without
any shifts, we used a hurdle model (i.e., a regression framework fitting separate
models to the binary outcome-Was there any transition present: yes or no?-and
to the count reflecting the number of transitions) as implemented in the R pack-
age pscl version 1.5.5 (84). We used a truncated Poisson generalized linear
model with log-link modeling counts above zero (i.e., the number of IW transi-
tions, if any occurred) and a hurdle component modeling zero vs. larger counts
(i.e, On which archipelagos did IW transitions occur at all?) using a binomial
model and a logit link. S/ Appendix, Methods give details on model structure
(84). Similar to the explanatory variables described above, we included isolation
(the minimum distance to the nearest continent) to test the competition
hypothesis and mean absolute latitude of the archipelago centroid to test the
favorable aseasonal climate hypothesis. This assumes that climate was more
stable closer to the equator on evolutionary timescales, and we thus expected
more evolutionary transitions to IW on islands at lower latitudes. To control for
the effects expected under a neutral model of evolution, we also included total
archipelago land area and minimum archipelago age as explanatory variables
in the model, expecting more evolutionary transitions toward IW on larger and
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older archipelagos. We did not test the herbivory and drought hypotheses in
the context of evolutionary transitions because of a lack of suitable proxies on
the archipelago level: Due to island submergence caused by erosion and island
emergence caused by volcanic activity, there is continuous tumnover of islands
on many oceanic archipelagos. Hence, plant lineages that can disperse among
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cannot be reliably reconstructed.
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