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•  Background and Aims  Dioecy has evolved up to 5000 times in angiosperms, despite the potentially high in-
trinsic costs to unisexuality. Dioecy prevents inbreeding, which is especially relevant on isolated islands when 
gene pools are small. Dioecy is also associated with certain dispersal traits, such as fruit size and type. However, 
the influence of dioecy on other life history traits and island distribution remains poorly understood. Here, we test 
the effect of dioecy on palm (Arecaceae) speciation rates, fruit size and frequency on islands.
•  Methods  We used phylogenetic comparative methods to estimate the ancestral state of the sexual system and 
its impact on speciation rates and fruit size. Frequency of sexual systems, effect of insularity on the probability of 
being dioecious, and phylogenetic clustering of island dioecious vs. mainland species were inferred. Lastly, we 
determined the interplay of insularity and sexual system on speciation rates.
•  Key Results  Palms repeatedly evolved different sexual systems (dioecy, monoecy and polygamy) from a hermaphro-
dite origin. Differences in speciation rates and fruit size among the different sexual systems were not identified. An effect 
of islands on the probability of the palms being dioecious was also not found. However, we found a high frequency and 
phylogenetic clustering of dioecious palms on islands, which were not correlated with higher speciation rates.
•  Conclusions  The high frequency and phylogenetic clustering may be the result of in situ radiation and suggest 
an ‘island effect’ for dioecious palms, which was not explained by differential speciation rates. This island effect 
also cannot be attributed to long-distance dispersal due to the lack of fruit size difference among sexual systems, 
and particularly because palm dispersal to islands is highly constrained by the interaction between the sizes of fruit 
and frugivores. Taken together, we suggest that trait flexibility in sexual system evolution and the in situ radiation 
of dioecious lineages are the underlying causes of the outstanding distribution of palms on islands.

Key words: Arecaceae, dioecy, fruit size, hermaphroditism, island rule, macroevolution, monoecy, sexual system 
evolution.

INTRODUCTION

The diversity of angiosperms can be directly linked to their 
striking variation and evolutionary lability of sexual systems 
(Barrett, 2013; Onstein, 2020). The most common angiosperm 
sexual systems are bisexual flowers (e.g. hermaphroditism), 
bisexual individuals (i.e. monoecy: unisexual flowers within 
the same individual) and unisexual individuals (i.e. dioecy: the 
total separation of female and male functions in different in-
dividuals; Barrett, 2002). The large variation in the frequency 
distribution of the main sexual systems has long raised ques-
tions about the causes of the widespread nature of hermaphro-
ditism compared with the rarity of dioecy (Käfer et al., 2014; 
Renner, 2014). The majority of angiosperms (approx. 72 %) re-
tain their ancestral condition of hermaphroditism (de Jong and 
Klinkhamer, 2005; Sauquet et al., 2017), while the derived con-
dition of dioecy is found in only 6 % of species (Renner, 2014). 
Despite this low frequency, recent findings show that dioecy is 

an important driver of angiosperm diversification (Käfer et al., 
2014; Käfer and Mousset, 2014; Onstein, 2020), in opposition 
to the classic view of dioecy as an evolutionary dead-end (Bull 
and Charnov, 1985), or at least as having elevated extinction 
rates (Vamosi and Vamosi, 2005). However, the potential ef-
fects of dioecy on speciation and extinction remain extremely 
controversial mainly due to its idiosyncratic nature (Sabath 
et al., 2016; Goldberg et al., 2017).

The evolution of dioecy is potentially costly for angio-
sperms, which is expressed in obligatory mate availability 
(Barrett, 2002). Dioecious species lack reproductive assurance, 
which could favour self-compatible hermaphroditic and mon-
oecious counterparts (Barrett, 2002; Käfer et al., 2014). Also, 
in a dioecious population, only half of the individuals are seed 
bearing, which leads to a competitive disadvantage in the pres-
ence of bisexual (hermaphroditic and monoecious) competitors 
(Heilbuth et al., 2001). Despite these potential disadvantages, 
dioecy has evolved up to 5000 times across angiosperms 
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(Renner, 2014). The most widely accepted hypothesis for the 
evolution of dioecy is the avoidance of inbreeding, a frequent 
cost of hermaphroditism (Barrett, 2013). Indeed, inbreeding de-
pression represents the main selective force driving the evolu-
tion of reproductive strategies on angiosperms (Charlesworth 
and Charlesworth, 1987), with dioecy as the most extreme 
and effective mechanism, especially in self-compatible clades 
(Barrett, 2002). The maintenance of dioecy in angiosperms 
may also reflect the evolution of strategies related to increased 
reproductive success (Heilbuth et  al., 2001; Bruijning et  al., 
2017), which are in many cases associated with other life his-
tory or ecological traits (Renner and Ricklefs, 1995; Vamosi 
and Vamosi, 2004; Duan et al., 2018).

Dioecious species, for example, are expected to invest 
more in increased dispersal-, survival- and/or reproduction-
related traits (Renner and Ricklefs, 1995; Vamosi et al., 2008; 
Bruijning et al., 2017). Dioecious species have evolved larger 
and better-defended seeds (Vamosi et al., 2008) and fruit, as a 
mechanism to increase the likelihood of seedling establishment 
and survival (i.e. ‘k’ strategists, Richards, 1997; Heilbuth et al., 
2001). Large fruits and seeds are often correlated with a higher 
quantity of endosperm (Westoby et al., 2002), which is neces-
sary to keep seeds viable for longer periods, even under intense 
competition or adverse environmental conditions (Westoby 
et al., 2002; Vamosi et al., 2008), such as ocean drift and estab-
lishment on remote islands.

Baker’s law states that after long-distance dispersal, repro-
ductive assurance via selfing may favour the colonization and 
persistence of hermaphrodite and self-compatible species in 
mate-limited and remote ecosystems (Baker, 1955), such as 
islands (e.g. Grossenbacher et  al., 2017; Razanajatovo et  al., 
2019). Baker’s law also states that dioecy should be rare on 
islands because dioecious individuals cannot successfully 
colonize without a mate (Baker, 1955). Contrary to Baker’s 
law, a high incidence of dioecy has been reported for islands 
(Carlquist, 1966; Bawa, 1982; Baker and Cox, 1984), with 
growing evidence through time (Sakai et al., 1995a; Richards, 
1997; Webb et al., 1999; Schlessman et al., 2014). By hindering 
inbreeding depression and increasing the genetic variability of 
small colonizing populations through obligatory outcrossing, 
selection may favour the evolution of dioecy on islands com-
pared with the mainland as a response to new selective pres-
sures (Carlquist, 1966; Bawa, 1980, 1982). These lasting 
benefits could outweigh the need for at least two propagules 
for the colonization of isolated habitats by dioecious species 
(Carlquist, 1966; Bawa, 1980, 1982). The high proportion of 
dioecy on islands is also attributed to fleshy fruits, an important 
ecological correlate of dioecy (Renner and Ricklefs, 1995). The 
specialization and ability of fleshy fruits to be dispersed long 
distances by birds and other vertebrates might help dioecious 
species overcome the strong dispersal filter of island coloniza-
tion (Sakai et al., 1995b). In order to evaluate the evolution of 
different sexual systems in island habitats, it is thus essential 
to identify clade-specific constraints on long-distance dispersal.

Iconic elements of tropical islands, palms (Arecaceae) are 
a species-rich pantropical clade with approx. 2600 species 
(Baker and Dransfield, 2016). Given that most palm species 
have fleshy fruits (Zona and Henderson, 1989), palm dispersal 
to islands is likely to be constrained by the interaction between 

the sizes of fruit and frugivores (Onstein et al., 2017; but see 
Bellot et al., 2020). Also, a strong link between fruit size and 
reproductive success, particularly under stressful conditions, 
has been suggested in palms (Göldel et al., 2015). The largest 
fruits of palms are found in three tribes, two of which are di-
oecious (Borasseae and Phytelepheae; Dransfield et al., 2008). 
However, the interaction between sexual system and fruit size 
remains poorly understood for the Arecaceae family. Likewise, 
despite the role of islands in palm speciation (Savolainen et al., 
2006; Kissling et al., 2012a, b; Weigelt et al., 2015), gaps in 
our understanding persist; for example, are speciation rates on 
islands influenced by sexual systems? Does the relative fre-
quency of different sexual systems of palms change between 
islands and the mainland (Pannell et al., 2015; Grossenbacher 
et al., 2017; Razanajatovo et al., 2019)?

Palms are particularly diverse in their sexual system, with 
dioecious, hermaphrodite, monoecious and polygamous (i.e. 
a combination of bisexual and unisexual flowers in the same 
individual) species (Fig. 1), all most probably derived from 
a monoecious ancestor (Nadot et  al., 2016). Despite rare 
self-fertilization rates in nature (Richards, 1997; Henderson, 
2002), palms lack self-incompatibility mechanisms such as the 
ability to recognize and reject their own pollen (Nadot et al., 
2016); thus dioecy is the most effective outcrossing mechanism 
within palms (Barrett, 2002). Taxonomically comprehensive 
sexual system (Dransfield et al., 2008; Nadot et al., 2016) and 
fruit size data (e.g. Kissling et  al., 2019; Cássia-Silva et  al., 
2020), information on species occurrence (http://apps.kew.org/
wcsp) and a species-level phylogeny (Faurby et al., 2016) are 
available for palms. Such factors make palms a model clade to 
study the potential influence of the sexual systems on speci-
ation rates and their potential ecological correlates.

Here, we leverage the variation of sexual system in palms to 
test for the potential effects of dioecy on speciation rates, repro-
ductive success through increased fruit size and macroecological 
patterns of geographical distribution in mainland vs. island 
habitats. Specifically, we hypothesize that dioecy has a signifi-
cant correlation with palm (1) speciation rates; (2) large fruit 
size (Richards, 1997); and (3) frequency on islands (Carlquist, 
1966; Bawa, 1980; Pannell et al., 2015). We also expect that the 
higher relative frequency of dioecious palms on islands com-
pared with the mainland is explained by their higher speciation 
rates when compared with their (1) non-dioecious island and 
(2) dioecious mainland counterparts, and that (3) in situ radi-
ation is evidenced by their high phylogenetic clustering when 
compared with non-dioecious counterparts on islands.

MATERIALS AND METHODS

Data

We used a time-calibrated phylogenetic tree for all 2539 palm 
species (Faurby et  al., 2016), based on the taxonomy from 
Govaerts et  al. (2011). For analyses, we used either a sub-
set of 100 random trees or the maximum clade credibility 
(MCC) tree, which was calculated from the posterior distri-
bution (Cássia-Silva et  al., 2019). Data on sexual systems  
were obtained from the literature (Dransfield et  al., 2008; 
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Fig. 1.  Bayesian stochastic character mapping of palm sexual system evolution performed across 100 random genus-level trees. (A) Pie charts at nodes in the con-
sensus tree represent ancestral states, which were calculated as the posterior probability of dioecy (red), hermaphroditism (blue), monoecy (orange) and polygamy 
(yellow), the sexual system states of palms. (B) The lineage diversity through time obtained from Bayesian stochastic character mapping with the palm maximum 
clade credibility tree with 1000 iterations and all different rates model. The palm silhouette was obtained from PhyloPic (http://phylopic.org), and representative 

genera photos were obtained from Wikispecies (http://species.wikimedia.org/) under the Creative Commons License.
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Henderson and Bacon, 2011; Nadot et  al., 2016). Following 
Nadot et al. (2016), we classified palms as dioecious, herm-
aphrodite, monoecious or polygamous based on the genus level 
(see details in Supplementary data Appendix S1). Treating 
the family at the genus level is justified because variation in 
the sexual system within genera is reported for only Arenga, 
Chuniophoenix, Licuala, Livistona, Maxburretia, Rhapis, 
Trachycarpus and Wallichia (eight genera out of 181; Baker 
and Dransfield, 2016). We coded these polymorphic genera 
based on their most frequent sexual system (see Supplementary 
data Table S1), following Nadot et al. (2016).

We obtained presence and absence data on islands for palms 
from the World Checklist of Selected Plant Families (http://
apps.kew.org/wcsp accessed on 15 July 2019). In this global 
plant database, species presences and absences are recorded 
across the world within geographic units categorized as ‘bo-
tanical countries’ or ‘level 3 geographic units’ as defined by 
the International Working Group on Taxonomic Databases 
(TDWG), being the largest countries (i.e. Australia, Brazil, 
China and the USA) split into smaller states or provinces. 
All level 3 geographic units from the TDWG were classified 
into islands or mainland habitats (e.g. Kissling et al., 2012a; 
Onstein et  al., 2017). Islands were defined as landmasses 
smaller than Australia and surrounded by ocean (Kreft et al., 
2008), which we then classified according to their geo-
logical origin as continental or oceanic islands based on data 
obtained from the United Nations Environment Program 
Island Directory (http://islands.unep.ch/isldir.htm accessed 
on 10 August 2019). Here, island species were only those 
with occurrence records on islands of oceanic origin, since 
higher speciation rates of dioecious species in insular habitats 
are expected only on islands that are isolated (Bawa, 1980). 
Oceanic islands, such as atolls and volcanic islands, have 
never been connected to the continental shelf (Kreft et  al., 
2008), so geological origin was leveraged as a surrogate of 
isolation. Species occurring on continental islands and on 

the mainland were classified as ‘mainland’ (we refer only to 
mainland habitat hereafter).

We used fruit diameter to represent palm fruit size due to the 
strong correlation between different dimensions, such as diam-
eter and length (Onstein et al., 2018). We obtained fruit diam-
eter data from a global dataset for palms (Cássia-Silva et al., 
2020). All analyses were performed using the R platform ver-
sion 3.6.1 (R Core Team, 2019).

Ancestral character reconstruction of palm sexual systems

To identify the ancestral state of sexual systems for all 
palm lineages, we performed stochastic character mapping 
(Huelsenbeck et al., 2003) using the MCC tree. We performed 
the analysis with the empirical Bayesian method with 100 it-
erations using the optimal transition model with the ‘make.
simmap’ function (Bollback, 2006) implemented in ‘phytools’ 
(Revell, 2012). As the transition model can directly impact the 
ancestral state reconstruction (Pagel, 1994), we first selected 
between two models of discrete trait evolution for stochastic 
mapping analyses to avoid any potential bias in the estimates 
of the ancestral states along phylogeny. We compared the fit 
of the all-rates-different (ARD: a different rate for each pos-
sible transition between states) and the equal-rates (ER: a single 
rate for all possible transitions between states) models using 
the corrected Akaike information criteria (AICc) and weighted 
AIC (AICw; Burnham and Anderson, 2002) in ‘geiger’ 
(Harmon et al., 2008). The ARD was the model that fitted best 
(Supplementary data Table S2), and was thus used as the tran-
sition model for stochastic mapping. Then, we estimated the di-
oecious, hermaphrodite, monoecious and polygamous lineage 
diversity across the MCC tree using the ‘estDiversity’ function 
in ‘phytools’.

We assessed the phylogenetic uncertainty in ancestral sexual 
system state reconstruction using genus-level data. Because the 
addition of redundant tips (i.e. 2539 species rather than 181 
genera) would add unnecessary parameters and time without 
increasing the performance of stochastic character mapping 
(Huelsenbeck et  al., 2003; Bollback, 2006), we pruned 100 
randomly sampled genus-level trees taken from the posterior 
distribution, maintaining only a single species to represent each 
genus. Similarly to the MCC tree, we performed the stochastic 
character mapping for genus-level trees using ‘make.simmap’ 
with the ARD model and 1000 iterations.

State-dependent speciation rates

To test whether speciation rates (λ) of palms differ among 
sexual systems (Hypothesis 1), we used two complementary 
approaches: the structured rate permutation in phylogenies 
correlation (STRAPP; Rabosky and Huang, 2016) and the 
multistate state version of hidden state speciation and extinc-
tion – HiSSE – model (Beaulieu and O’Meara, 2016), namely 
MuHiSSE (Nakov et al., 2019), which accommodates four trait 
states rather than only binary traits required for HiSSE. For 
both approaches, we focused our analyses on speciation rates 
because our Hypothesis 1 refers directly to speciation rather 
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Fig. 1.  Continued.
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than diversification rates. Additionally, we evaluated the impact 
of sexual systems on net diversification (speciation minus ex-
tinction) rates of palms using the MuHiSSE approach, although 
the inference of extinction rates from molecular phylogenies re-
mains controversial and challenging, especially for large trees 
(Rabosky, 2010; Beaulieu and O’Meara, 2015).

To run STRAPP, we used speciation rates previously inferred 
for the palm MCC tree (see Cássia-Silva et al., 2019) employing 
Bayesian analysis of macroevolutionary mixtures (BAMM; 
Rabosky, 2014) and correlated them with the sexual systems 
using the Kruskal–Wallis test implemented in the ‘BAMMtools’ 
package (Rabosky et al., 2014). We compared the resulting stat-
istics with a null distribution obtained by permutation of the 
evolutionary rates at the tips of the phylogeny. The proportion of 
permutations of the posterior samples where the correlation of 
the null distribution was more different than the observed correl-
ations was used as a measurement of statistical significance util-
izing the Kruskal–Wallis test (Rabosky and Huang, 2016). We 
also built eight different MuHiSSE models for the palm MCC 
tree, all departing from a full model with no parameter con-
straints following Nakov et al. (2019). The full model identifies 
whether and which sexual system state is associated with vari-
ation in the diversification rates (Supplementary data Fig. S1).  
Then, we built seven character-independent diversification 
(CID) models with increasing numbers of unobserved states 
(1–7) and equal diversification parameters for the four observed 
sexual system states (Supplementary data Fig. S1). The CID 
models assume that diversification rate differences are asso-
ciated with unobserved states and this number of unobserved 
states (i.e. 1–7), which were previously estimated in the MCC 
tree (Supplementary data Table S3). For all MuHiSSE models, 
we used the transition matrix of the sexual system states esti-
mated in the stochastic character mapping (see above), but we 
constrained the transitions by not allowing simultaneous transi-
tions between observed (i.e. 0A and 1A) and hidden states (0B 
and 1B), following Nakov et al. (2019). For instance, the state 
‘dioecious A’ could change to ‘dioecious B’, but not to ‘herm-
aphrodite B’, where the hidden states (A, B) could change only 
within a single sexual system state. We ran MuHiSSE models 
and selected the best-fitted model using the AICc and AICw in 
‘hisse’ (Beaulieu and O’Meara, 2016). We estimated the spe-
ciation and net diversification rates for the best-fitting model 
using GetModelAverates also available in ‘hisse’.

Sexual system and fruit size

We evaluated whether dioecious palms have larger fruit 
sizes when compared with other sexual systems (Hypothesis 
2) with a phylogenetic analysis of variance (i.e. phyANOVA). 
We used the phylANOVA function based on the MCC tree with 
10 000 simulations in ‘phytools’. To access phylogenetic uncer-
tainty, we also performed the phyANOVA across 100 randomly 
selected trees taken from the posterior distribution and reported 
the F-statistic and P-values across these phylogenies. Due to 
the allometric relationship between palm height and fruit diam-
eter (Cássia-Silva et  al., 2020), we performed an additional 
phylogenetic generalized least squares (PGLS) regression ana-
lysis (Martins and Hansen, 1997) to assess the differences in 

fruit size as a function of the sexual system, taking into account 
height as an interaction factor. We performed the PGLS with 
the MCC tree in ‘caper’ (Orme, 2013) using the log10 of palm 
stem height and fruit diameter in all analyses to improve data 
normality. Data on maximum stem height were taken from the 
PalmTraits 1.0 dataset (Kissling et al., 2019).

Sexual system and islands

To determine whether islands have a higher relative frequency 
of dioecious palms compared with the mainland (Hypothesis 
3), we first defined island specialists as those species that occur 
exclusively on oceanic islands (n = 368). Mainland specialists 
were defined as palms that occur on both mainland and con-
tinental islands, as explained above (n = 1932; Supplementary 
data Appendix S1). We refer to either the island or mainland 
specialist assemblages as ‘habitat specialists’ hereafter. Species 
that occur on both an oceanic island and the mainland were 
defined as ‘widespread’ (n = 239). To compare the effects of is-
lands on the probability of the palms being dioecious, we fitted 
a phylogenetically corrected generalized linear mixed model 
(PGLMM; Ives and Helmus, 2011) using the MCC tree and 
‘pglmm’ function in the ‘phyr’ package (Li et al., 2020). We 
built the PGLMM using dioecy as a binary response variable 
(dioecious or non-dioecious) and habitat as the independent 
variable (island specialist, mainland specialist or widespread). 
The phylogenetic autocorrelation was fitted as a random effect 
in the intercept of the model. We also took phylogenetic uncer-
tainty into account by running PGLMM over the distribution of 
100 phylogenies.

To test for a combined effect of sexual systems and island oc-
currence on speciation rates (Predictions 1 and 2), we used the 
several examined and concealed states-dependent speciation 
and extinction model (SecSSE; Herrera-Alsina et  al., 2019). 
SecSSE allows for the identification of simultaneous action of 
multiple states (i.e. more than four allowed for MuHiSSE) on 
diversification rates of clades while accounting for the role of 
hidden states (Herrera-Alsina et al., 2019). Here, by combining 
the four sexual systems and two habitat types, we classified all 
palms into eight observed trait states (i.e. dioecious insular and 
mainland; hermaphrodite insular and mainland; monoecious 
insular and mainland; and polygamous insular and mainland). 
As each species must be assigned to only one habitat type, we 
thus assigned the widespread species into island categories 
due to their potential to colonize islands (e.g. Onstein et  al., 
2017; Razanajatovo et al., 2019). We built ten different SecSSE 
diversification models using the MCC tree, encompassing 
these eight states, and varied the number of hidden states (see 
Supplementary data Fig. S2 for details), as with the MuHiSSE 
approach described above. Among these ten models, we in-
cluded a ‘dioecious model’ and an ‘island dioecious model’ to 
explicitly test for higher speciation rates in dioecious compared 
with non-dioecious palms on islands (Prediction 1), as well as 
higher speciation rates of insular dioecious species compared 
with their mainland counterparts (Prediction 2). We maintained 
speciation rates constant for all states in the ‘dioecious model’, 
except for dioecious species with two unobserved states. In the 
‘insular dioecious model’, we maintained the speciation rates 
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constant for all states except for the insular dioecious with two 
hidden states, which we expect to have higher rates. The tran-
sition matrices for all SecSSE models were the same as for 
MuHiSSE, but here we restricted the transitions among sexual 
systems and habitat types at the same time. For example, an is-
land dioecious species could evolve another sexual system state 
if it remained on an island. We ran all SecSSE diversification 
models and identified the best-fitting model using ‘SecSSE’ 
(Herrera-Alsina et  al., 2019). The model selection was also 
done using AICc and AICw.

We used phylogenetic species variability (PSV), which is 
statistically independent of species richness (Helmus et  al., 
2007), to test for higher phylogenetic clustering of dioecious 
island compared with non-dioecious island palms (Prediction 
3). PSV averages the phylogenetic relatedness among members 
of an assemblage by quantifying how phylogenetic relatedness 
decreases the variance of a hypothetical neutral trait shared 
by all species (Helmus et al., 2007; Tucker et al., 2017). PSV 
values range from 0 to 1, where PSV = 1 indicates that all spe-
cies in an assemblage are unrelated (i.e. a star phylogeny) and, 
as the values approach zero, species are increasingly related 
(i.e. phylogenetic clustering; Helmus et  al., 2007). To calcu-
late the PSV, we used the presence–absence matrix taking into 
account the island dioecious and island non-dioecious palm as-
semblages, and the MCC.

RESULTS

Ancestral sexual system and speciation/diversification rates

Hermaphroditism is the most likely ancestral state of palms 
(Fig. 1A, B), based on both the MCC species-level tree (prob-
ability  =  1 for the ancestral node) and 100 genus-level trees 
(probability = 0.811 for the ancestral node; Supplementary data 
Appendix S1). The most common transition between sexual 
systems in palm evolutionary history was hermaphrodite to di-
oecious (approx. 30  %), followed by polygamous to monoe-
cious (approx. 19 %). Meanwhile, shifts from monoecious to 
hermaphroditism and polygamous were not detected at all in 
the stochastic mapping analysis (Supplementary data Table S4). 
Based on the MCC species-level tree, we also found a high ac-
cumulation of monoecious and dioecious over hermaphrodite 
and polygamous palm lineages through time (Fig. 1B).

According to the MuHiSSE approach, the polygamous 
sexual system had lower speciation and diversification rates, 
while the other systems presented higher variation, although 
the rate heterogeneity in the former is better explained by 
unmeasured (hidden) states and is independent of the sexual 
systems (i.e. a CID as the best-fitting model; Supplementary 
data Table S5; Supplementary data Figs S3 and S4). This re-
sult was corroborated by the STRAPP correlative approach, 
in which none of the sexual systems was significantly as-
sociated (P  =  0.837; rdioecious  =  0.450; rhermaphrodite  =  0.406; 
rmonoecious  =  0.247; rpolygamous  =  0.071) with speciation rates in 
palms (Supplementary data Fig. S3A, B).

Fruit size and island occurrence

The variation in palm fruit size was not explained by sexual 
systems using the MCC tree (phyANOVA F3,1683  =  10.92; 

P = 0.7; n = 1687; Supplementary data Fig. S5) or 100 random 
trees (Supplementary data Table S6). As we found a significant 
relationship in palm fruit size as a function of height and sexual 
systems (F176,1339 = 3.687; P < 0.001; n = 1516), we also per-
formed a phyANOVA considering the relative fruit size [i.e. 
palm fruit diameter (m)/stem height (m)] as response variable. 
However, again, the sexual systems did not significantly differ 
in relative fruit size using the MCC tree (F3,1512 = 2.006; P = 1; 
n = 1516) or 100 random trees (Supplementary data Table S6).

Monoecy exhibits the highest frequency on island and main-
land habitats (Fig. 2). However, we found a higher frequency 
of dioecy on islands than the mainland, whereas monoecious 
and hermaphrodite species show the opposite patterns (Fig. 2).  
The relative frequency of dioecy on islands (41.2  %) was 
highly similar to that of monoecy (approx. 44  %), whereas 
on the mainland, the frequency of dioecy was lower than that 
of monoecy (approx. 29.0  and approx. 53  %, respectively). 
Considering only habitat specialist palms, we found a higher 
relative frequency of dioecy (approx. 36  %) on islands than 
on the mainland (approx. 27  %; Fig. 2). However, we found 
no significant relationship between the occurrence on islands 
and the probability of species being dioecious using the MCC 
tree (Table 1; Supplementary data Fig. S6) or 100 random trees 
(Supplementary data Table S7).

We found that the dioecious island palms were phylogen-
etically more closely related (PSV  =  0.364; species rich-
ness  =  250) than their non-dioecious island counterparts 
(PSV  =  0.581; species richness  =  356), but this phylogen-
etic clustering was not associated with high speciation rates. 
Using the SecSSE approach, we found that the interactive 
effect between sexual system (all states) and habitat type 
(mainland and island) is better explained by unmeasured 
(hidden) states (i.e. the CID model; Supplementary data 
Table S8).

DISCUSSION

Here, we used a comprehensive dataset on phylogeny, fruit size 
and island occurrence to determine the role of sexual system on 
the macroevolution and macroecology of palms. Specifically, we 
tested for an effect of dioecy on speciation rates and fruit size, as 
well as on the presence and speciation rates on islands. We de-
termined that palms were most likely to have originated from a 
hermaphroditic ancestor and, contrary to our hypotheses, palms 
showed no significant differences among sexual systems in either 
speciation rate (Hypothesis 1) or fruit size patterns (Hypothesis 
2). Although not driven by higher speciation rates, we found 
palms on islands to be more frequently dioecious and phylogen-
etically clustered compared with the mainland assemblage and 
with non-dioecious island palms, respectively (Hypothesis 3). 
However, a relationship between islands and the probability of 
being dioecious was not supported for palms.

Sexual system evolution and patterns of speciation rates 

Hermaphroditism is here supported as the most likely ances-
tral sexual system of palms, which is consistent with the evo-
lutionary pathway of sexual systems in angiosperms (Sauquet 
et al., 2017), but contrasts with previous understanding of the 
ancestral state of palms as monoecious (Nadot et al., 2016). 
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Results from Nadot et  al. (2016) were based on a previous 
phylogenetic tree for Arecaceae (Baker et al., 2009) to recon-
struct the evolution of sexual systems in the family based on 
parsimony and maximum likelihood optimizations. Results 
from stochastic character mapping identified sexual flexi-
bility in the evolution of palms, where different states evolved 

repeatedly over time, which is in agreement with previous 
findings (Nadot et al., 2016). Contrary to the classic view of 
dioecy as an irreversible evolutionary trait (i.e. an evolutionary 
dead-end; Bull and Charnov, 1985; Heilbuth, 2000; Käfer 
et al., 2013), our results support the suggestion that dioecy is 
a labile trait across angiosperms (Renner, 2014; Zhang et al., 
2019). Dioecious lineages of palms exhibited unconstrained 
evolution towards other sexual systems (7.63 % towards pol-
ygamy; 5.91 % hermaphrodite; and 0.76 % towards monoecy; 
Supplementary data Table S4), whereas monoecy had con-
strained flexibility towards hermaphroditism and polygamy 
(Supplementary data Table S4).

Despite a hermaphroditic origin, palms evolved towards 
greater (dioecy) or lesser (monoecy) sexual differentiation 
(Goldberg et al., 2017). Dioecy and monoecy led to high lin-
eage diversity through time (Fig. 1B). Indeed, transitions away 
from hermaphroditism towards intermediate sexual differenti-
ation, such as monoecy, is a common evolutionary pathway in 
angiosperms (Goldberg et al., 2017). Monoecy shares some of 
the advantages of dioecy, such as reduced inbreeding and the 
elimination of trade-offs between male and female function at 
the flower level (Barrett, 2002). Unlike dioecy, monoecy pro-
vides reproductive assurance through the combined male and 
female functions within a single individual (Barrett, 2002). 
Such mixed advantages may explain the highest lineage diver-
sity of monoecy compared with other sexual systems. However, 
in contrast to recent findings for angiosperms (Onstein, 2020), 
the high diversity through time of monoecious and dioecious 
palm lineages was not triggered by high speciation rates.
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Fig. 2  Frequency of palm sexual systems (dioecy, red; hermaphroditism, blue; monoecy, orange; and polygamy, yellow) on the mainland and island habitats 
globally. The ‘mainland’ and ‘island’ palm assemblages include both species that occur exclusively in those habitats and widespread (occur on islands and the 

mainland) species. Mainland and island specialists refer to species that occur exclusively in one of those habitats.

Table 1.  Phylogenetic generalized linear model fitted for max-
imum clade credibility (MCC)* palm phylogeny with the prob-
ability of palms being dioecious as the dependent variable and 
habitat type (island, mainland and widespread) as the independent 

variable 

Fixed effects Estimate s.e. Z-score P

Island –2.90 1.81 –1.60 0.11
Mainland 0.62 0.87 0.72 0.47
Widespread 0.49 1.03 0.48 0.63

Random effects Variance s.d.   

Species 1.05 e-08 1.02 e-04   
Phylogeny 0.9 0.94   

Species and Phylogeny random effects are, respectively, species-specific 
variation and phylogenetic signal of dioecy probability. The table shows the 
intercept and slope (estimate) of each habitat type with their s.e. and P-values. 
The variance and s.d. of the random effects are also shown.

*The model estimates did not vary across 100 trees randomly sampled from 
the posterior distribution (Supplementary data Table S7).
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Despite the strong phylogenetic structure in palm sexual 
systems (Fig. 1A), none of them (dioecy, hermaphroditism, 
monoecy and polygamy) was associated with differential 
speciation rates. This result rejects our hypothesis that di-
oecy leads to high speciation rates (Hypothesis 1). Although 
we did not directly assess extinction rates, the placement of 
dioecy on the palm phylogeny suggests that it also is not as-
sociated with higher extinction rates (Vamosi et al., 2018), 
as suggested (Bull and Charnov, 1985; Heilbuth, 2000; 
Vamosi and Vamosi, 2005). Traits that increase extinction 
rates often show limited life span, and the presence of these 
traits in extant species is likely to be due to a recent origin 
and thus often appears only at the tips of trees (Bromham 
et al., 2016; Vamosi et al., 2018), which is not the case of 
dioecy in palms (Fig. 1A). That is the case because younger 
lineages probably have not yet had time to experience ex-
tinction (Bromham et al., 2016; Vamosi et al., 2018). Indeed, 
we found no consistent difference in diversification rates 
(speciation–extinction) among sexual systems in palms. 
Similarly to Sabath et al. (2016), our analysis suggests that 
the effect of dioecy (and other sexual systems) on speciation 
as well as on diversification rates is relatively weak, being 
overwhelmed by other unmeasured traits affecting diversifi-
cation. The temporal separation of the sexual phases (i.e. di-
chogamy), for instance, is widespread in palms (Henderson, 
2002; Nadot et al., 2016). Dichogamy can superimpose on 
the sexual system function and favour outcrossing even in 
monoecious palms that occur sympatrically in small islands 
(Savolainen et al., 2006). Hence, our work adds evidence to 
the idiosyncratic and complex nature of sexual system evo-
lution (Goldberg et al., 2017).

Fruit size and an ‘island effect’ in dioecious palms

The largest fruits of Borasseae and Phytelepheae clades 
(Dransfield et al., 2008; Bellot et al., 2020) are not explained 
by dioecy, as we expected (Hypothesis 2). We found that fruit 
size variation in palms is independent of their sexual system 
(Supplementary data Fig. S5). One possible explanation is that 
variation in maximum fruit size of palms is strongly constrained 
by extrinsic selection pressures related to frugivores (Galetti 
et al., 2013; Lim et al., 2020) or climatic factors (Göldel et al., 
2015; Lim et  al., 2020). With rare exceptions such as Cocos 
nucifera and Nypa fruticans that are dispersed by water, palms 
rely on animals for seed dispersal (Zona and Henderson, 1989; 
Lim et al., 2020). Consequently, a strong relationship of fru-
givore body size–fruit size is fundamental to dispersal effect-
iveness. As a result, the frugivore–fruit relationship shapes the 
variation in maximum fruit size of palms across time and space 
(Onstein et al., 2018; Lim et al., 2020). The strong selective 
pressure keeping this body–fruit size relationship could thus 
overcome the role of intrinsic traits such as the sexual system in 
fruit size variation of palms. On the one hand, the lack of vari-
ation in fruit size among palm sexual systems indicates that the 
obligate outcrossing in dioecious species may not lead to repro-
ductive investment focused on large fruit (Richards, 1997). On 

the other hand, this lack of variation indicates that differences 
in the proportion of dioecious species between thee mainland 
and islands cannot be attributed to the role of dispersal-related 
traits (Sakai et al., 1995b; Vamosi and Vamosi, 2004).

Although the relationship between island occurrence and the 
probability of dioecy was not supported, there is an increased 
proportion of the dioecious state on islands. Therefore, we sug-
gest that an ‘island effect’ on dioecy distribution cannot be 
fully ruled out for palms. The frequency of dioecy in palms is 
high (approx. 30 %), representing more than five times the fre-
quency in angiosperms (approx. 6 %; Renner, 2014). Moreover, 
we found an increased frequency of dioecious palms on is-
lands, whereas monoecious and hermaphrodite species show 
the opposite pattern (Fig. 2). The higher relative frequency of 
dioecious species on islands (Hypothesis 3) and higher phylo-
genetic clustering of island dioecious palms, when compared 
with non-dioecious counterparts (Prediction 3), are in line with 
the longstanding view of the higher evolutionary success (i.e. 
abundance, species richness and range size) of dioecy on islands 
than on the mainland (Carlquist, 1966; Bawa, 1980; Pannell 
et al., 2015). However, the higher frequency and the phylogen-
etic clustering of dioecious palms on islands were not triggered 
by higher speciation rates (Predictions 1 and 2). This lack of 
differential speciation rates causing the increased frequency of 
dioecious palms on islands can be explained by the complex 
interplay of other unmeasured traits, as suggested here by inter-
active (sexual system and island distribution) state-dependent 
diversification models. Growth form, dispersal and pollination 
modes, for instance, are phylogenetically constrained and fre-
quently coincident with dioecy (Käfer et al., 2014; Duan et al., 
2018), besides being important traits triggering plant diversifi-
cation on islands (Givnish et al., 2009).

A disproportionately high frequency of dioecy and mon-
oecy over hermaphroditism on islands, especially when we 
consider all potential island colonizers such as widespread 
species (i.e. non-specialist island assemblage; Fig. 2), contra-
dicts Baker’s law that hermaphrodites should be the most 
successful at colonizing islands (Baker, 1955). The higher fre-
quency of dioecy in island assemblages when compared with 
island specialists (Fig. 2) suggests that some colonizers were 
dioecious, while the higher phylogenetic clustering suggests a 
potential in situ radiation of dioecious lineages within islands 
(Kissling et  al., 2012b). Dioecy evolved early in clades that 
are currently species rich and widespread on islands such as 
Calameae (Calamoideae; Henderson, 2009) at approx. 45 mil-
lion years ago (Fig. 1A), which suggests a potential mainland 
origin of this sexual system. However, previous studies suggest 
an early dispersal of Calameae from ancestral mainland eco-
system to islands (Couvreur et al., 2011; Baker and Couvreur, 
2013). Fossil pollen records and phylogenetic reconstruction 
suggest that radiation of Calameae lineages throughout islands 
from south-east Asia took place during the Eocene (Baker and 
Couvreur, 2013). Overall, our results suggest that the adaptive 
value of dioecy in insular conditions might be great enough to 
overcome the need for the colonization and establishment of 
two propagules, and posterior radiation on islands (Carlquist, 
1966; Bawa, 1980).
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Conclusions

With great trait flexibility, palms evolved towards monoecy 
and dioecy from an ancestral hermaphrodite sexual system. The 
evolution of monoecy and dioecy leads to accumulation of high 
palm lineage diversity over time, which was not triggered by 
differential speciation rates even when associated with island 
occurrence. However, an island effect on the evolution of di-
oecy in palms can be evidenced by (1) the higher frequency of 
dioecious palms on islands than on the mainland and (2) the 
higher phylogenetic clustering of dioecious island palms, sup-
porting the role of in situ radiation (Kissling et al., 2012b). Our 
results indicate that the differential frequency of dioecy on is-
lands cannot be attributed to long-distance dispersal correlates 
(Sakai et al., 1995b; Vamosi and Vamosi, 2004) such as fruit 
size for palms (Onstein et al., 2017, 2018), due to the lack of 
variation in fruit size among sexual systems. High trait flexi-
bility requires sufficient pre-existing genetic variation or at least 
plasticity in this trait, which would allow for faster adaptation 
to new selective pressures (Onstein, 2020). Therefore, we sug-
gest that the trait flexibility in the sexual system evidenced here 
by repeated evolution of different sexual systems, and the in 
situ radiation of dioecious lineages, are the underlying factors 
explaining the evolutionary success (i.e. abundance, species 
richness and range size) of palms across the tropical region, 
especially on islands.
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