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Summary

1. The evolution of island syndromes has long served as a model to understand the mechanisms
accounting for phenotypic differentiation. Combining literature data with actual observations, we
determine whether typical syndromes such as the loss of dispersal power and the bias towards self-
compatibility (Baker’s law) apply to vagile organisms, using bryophytes as a model.
2. The life-history traits (LHTs) observed in oceanic island floras were statistically different from
those observed on continents, evidencing the evolution of island syndromes. In contrast, LHTs of
continental and continental island floras were similar, pointing to differences in migration intensity
between continents, continental islands and oceanic islands.
3. The proportion of bisexual species was significantly higher on oceanic islands than on continents.
A significant proportion of species that are unisexual or bisexual on continents shifted towards
exclusive bisexuality on oceanic islands, suggesting that Baker’s law applies to bryophytes. The
underlying mechanisms, however, probably differ from in situ selection for selfing.
4. The proportion of species producing specialized asexual diaspores, which are assumed to play a
role in short-distance dispersal (SDD), was higher on oceanic islands than on continents. The
proportion of species producing spores, which are involved in long-distance dispersal (LDD), exhib-
ited the reverse trend, suggesting a shift in the prevalent reproductive strategy to favour SDD on
oceanic islands. Approximately 50% of the species, however, maintained the ability to produce
sporophytes on oceanic islands, and the relative frequency of fertile shoots within collections of four
model species was even higher on islands than on continents.
5. Synthesis. Bryophytes exhibit typical island syndromes, indicating that migration rates between
oceanic islands and continents are not sufficient to prevent the effects of genetic drift and contradict-
ing the view that the sea does not impede migration in the group. Significant shifts in life-history
traits (LHTs) towards increased production of specialized asexual diaspores and decreased sporo-
phyte production on oceanic islands indeed point to a global loss of long-distance dispersal (LDD)
ability. The maintenance of traits characteristic for LDD in a large number of species has, however,
substantial consequences for our understanding of island plant evolution, and in particular, for our
vision of islands as evolutionary dead ends.
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Introduction

Reproduction and dispersal are intrinsically linked in plants,
as the primary mode of dispersal (spores or seeds) is the

product of sexual reproduction. The association between mat-
ing system and dispersal has, however, led to various and
often conflicting predictions (see Cheptou 2012 for review).
In fact, successful colonizers should exhibit life-history traits
(LHTs) promoting dispersal and establishment on the one
hand, and diversification on the other (Crawford, Anderson &
Bernardello 2011), which may not necessarily be compatible.
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Because sexual reproduction is possible from a single self-
compatible individual, Baker’s law predicts that, in flowering
plants, ‘occurrence in localities most likely to have been
reached by more or less long-distance dispersal (LDD)’ is
correlated with the development of self-compatibility (Baker
1955, 1967). This prediction has been supported by an impor-
tant body of evidence (see Crawford, Anderson & Bernardello
2011 for review). Similar observations were made during the
colonization process of invasive species outside of their native
range (Ward, Johnson & Zalucki 2012; but see Colautti,
White & Barrett 2012), in agreement with Baker’s (1955)
observation that ‘the vast majority of weeds are self-compati-
ble or possess strong powers of vegetative reproduction’.
Some of the most striking cases of radiations were, how-

ever, shown to have originated from self-incompatible ances-
tors (see Crawford, Anderson & Bernardello 2011 for
review). Furthermore, the proportion of dioecious species
peaks in islands such as Hawaii (14.5%), which is the highest
level of dioecy in angiosperms world-wide (Sakai et al.
1995). Modelling the joint evolution of seed dispersal and
self-fertilization when local pollen limitation varies stochasti-
cally over time, Cheptou & Massol (2009) predicted that suc-
cessful colonizers should either be outcrossing dispersers or
non-dispersing selfers. While the advantages of selfing for
island colonization are apparent, selection of outcrossing
mechanisms after establishment and ‘escape from homozygos-
ity’ are, in fact, often seen as an essential pre-requisite for
subsequent radiation (Barrett 1996). Metapopulation viability
is dependent on the selfing rate because of the demographic
effect of inbreeding depression, so that the likelihood of
establishing a new population is identical for two nearby out-
crossing colonizers and for a single selfer (Dornier, Munoz &
Cheptou 2008).
In contradiction with the idea that selfers predominate on

oceanic islands because of enhanced chances for sexual repro-
duction, and hence, dispersal, island biogeography theory
further predicts that insular organisms typically lose their
dispersal power (Carlquist 1965; Whittaker & Fern�andez-
Palacios 2007). Although experimental support for this pre-
diction is equivocal (contrast, e.g. Cody & Overton 1996 and
Fresnillo & Ehlers 2008; Talavera, Arista & Ortiz 2012), oce-
anic islands are therefore traditionally perceived to be evolu-
tionary dead ends (Bellemain & Ricklefs 2008). These
predictions are similar to theoretical metapopulation studies
suggesting that dispersal ability significantly decreases along
a successional gradient owing to genetic differences between
young and old populations (Olivieri, Michalakis & Gouyon
1995). Models that take plasticity in dispersal trait variation
into account, however, predict that selection should generally
favour strategies allowing plants to increase their dispersal
rate with population age (Ronce et al. 2005).
Bryophytes potentially offer an insightful model to address

the application of such typical island syndromes such as
Baker’s law and the loss of dispersal power. Bryophytes dis-
perse by spores and asexual diaspores, which are assumed to
play a complementary role, the former contributing to random
LDD and the latter to frequent short-distance dispersal (SDD;

L€obel, Sn€all & Rydin 2009). If the loss of dispersal power
hypothesis holds true in the group, island bryophytes would
be expected to shift reproductive strategies towards increased
levels of asexual reproduction. Previous investigations failed
to demonstrate a significant loss of dispersal ability on islands
(Hutsem�ekers et al. 2011). Paradoxically, however, the num-
ber of individuals of clonal origin was higher in island popu-
lations as compared to continental ones (Hutsem�ekers et al.
2011), suggesting a shift in the prevalent reproductive
strategy to favour SDD.
Bryophytes further display a wide range of mating systems

with an unparalleled evolutionary lability, with at least 133
transitions between sexual systems in mosses (McDaniel,
Atwood & Burleigh 2013). The application of Baker’s law in
the group is, however, challenged by the fact that selection
for selfing is reduced when multiple founder events occur
(Busch 2011), a condition that has been reported in several
instances (Hutsem�ekers et al. 2011; Laenen et al. 2011; but
see Karlin et al. 2011). Yet, two specific features of bryo-
phyte biology suggest that Baker’s law might still be relevant
in the group.
On the one hand, although sperm cells might tolerate

desiccation for extended periods (Shortlidge, Rosenstiel &
Eppley 2012), sexual reproduction depends on sperms swim-
ming to eggs via a continuous film of water. As a conse-
quence, fertilization ranges, which are of one to a few tens
of decimetres (Bisang, Ehrl�en & Heden€as 2004; Rydgren,
Cronberg & Økland 2006), are extremely short as compared
to angiosperm’s pollen ranges. On islands, this renders the
issue of having both sexes occurring within the close vicinity
of each other following LDD much more acute than in flow-
ering plants. In addition, sporophyte production in unisexual
bryophytes might be compromised by a suite of specific
LHTs and population features. First, bryophyte population
sex ratios are frequently strongly biased (Bisang & Heden€as
2005; Stark, McLetchie & Eppley 2010; Pereira Alvarenga,
Pôrto & Zartman 2013). Secondly, a growing body of evi-
dence suggests that conspecific male and female sex express-
ing individuals may exhibit contrasting ecological niches,
potentially enhancing the spatial segregation of the sexes
(Groen et al. 2010; Benassi et al. 2011; Pereira Alvarenga,
Pôrto & Zartman 2013). Thirdly, low fecundity levels in uni-
sexual species can be a consequence of the genetic interac-
tions of particular male and female gametophytes (McLetchie
1996). The production of sporophytes hence relies on a
restrictive conjunction of factors including the occurrence of
expressed mixed-sex colonies, a short distance between male
and female individuals, and favourable environmental factors
(Pepin, Hugonnot & Celle 2013). Altogether, these factors
account for the comparatively low production of sporophytes
in many unisexual bryophyte species (Longton 1997).
Production of asexual diaspores is hence of utmost impor-
tance for unisexual species. A strong association between
dioecy and the ability to produce specialized asexual propa-
gules has therefore long been identified (Longton & Schuster
1983; During 2007; but see Crawford, Jesson & Garnock-
Jones 2009).
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On the other hand, bisexual bryophytes may exhibit lower
sporophytic inbreeding depression than unisexual ones (Tay-
lor, Eppley & Jesson 2007). While unisexual gametophytes
either outcross or undergo intergametophytic selfing (i.e. mat-
ing among haploid siblings from the same sporophyte), bisex-
ual species are potentially capable of intragametophytic
selfing (i.e. merging of gametes produced by gametophytic
shoots grown-up from the same protonema, and hence, origi-
nating from the same spore), which results in a fully homozy-
gous sporophyte generation (Taylor, Eppley & Jesson 2007).
Bisexual species can thus rapidly purge recessive deleterious
mutations through intragametophytic selfing and avoid the
demographic effect of inbreeding depression found in the
diploid phase of unisexual species (Sz€ov�enyi, Ricca & Shaw
2009), which may further promote the application of Baker’s
law in bryophytes.
In this study, we combined an extensive literature survey

with actual observations to determine whether the island syn-
dromes apply to bryophytes. Contrasting continents; continen-
tal islands (including islands which are located on the
continental shelf and may have been connected to a continent
during the Quaternary ice ages, and islands formed by ancient
continental fragments); and oceanic islands (islands which are
of volcanic origin and have never been connected to conti-
nents) (see Whittaker & Fern�andez-Palacios 2007 for review),
we address the following questions: (i) Does Baker’s law apply
to bryophytes, that is, is there a higher number of bisexual spe-
cies on islands than on continents owing to the severe con-
straints imposed on fertilization after LDD? (ii) Do LHTs
related to dispersal differ on islands and on continents? Is there,
in particular, a tendency towards increased asexual reproduc-
tion and decreased sexual reproduction on islands? And (iii)
are the LHTs observed in continental island floras more similar
to those observed on continents or on oceanic islands, pointing
to differences in the origin of continental and oceanic islands?

Materials and methods

SELECTION AND SCORING OF LIFE-H ISTORY TRAITS

We explored variation in LHTs related to reproduction and dispersal
depending on two factors. The factor GEO accounted for the
geographical origin of the species surveyed, including oceanic islands,
continental islands and continents. The few cases of island groups
with a mixed continental and oceanic origin (i.e. Japan and Western
Indies) were included in the continental island category. The factor
TAXON accounted for the difference between mosses and liverworts,
and offered independent tests of the underlying hypotheses. Horn-
worts should, for consistency, have been analysed separately. They
are, however, a small group of about 300 species whose diversity
pales in comparison with liverworts (ca. 6000 species) and mosses
(ca. 10 000 species). The number of hornwort species in our data set
did not warrant separate analyses, and because hornworts exhibit a
suite of functional vegetative traits and ecological features that are
similar to those of liverworts, the data from the two groups were
merged.

The LHTs studied were the mating system, the production of
sporophytes and specialized vegetative diaspores. These LHTs were

chosen because (i) the combination of mating systems and dispersal
traits can help to explain reproductive constraints on islands (but see
Cheptou & Massol 2009); and (ii) much information about these par-
ticular traits is available in the literature of bryophytes for different
geographical regions. Mating systems included four categories: (i)
unisexual (separate sexes; dioecious s.l.); (ii) bisexual (combined
sexes; monoecious s.l.); (iii) unisexual and bisexual (when exhibiting
both mating systems); and (iv) unknown because gametangia were
never observed. A fifth group, namely functionally bisexual species
(i.e. unisexual species with dwarf males growing on female plants),
could potentially have been identified. The proportion of functionally
bisexuals ranged, however, from 0% to 6.7% in the surveyed floras
(see below), and this rare category was therefore excluded.

Species with bisexual gametophytes were considered as selfers
because of the almost complete absence of constraint on fertilization
and the negligible cost of inbreeding depression (Eppley, Taylor &
Jesson 2007; Taylor, Eppley & Jesson 2007). This assumption has
been confirmed genetically by inbreeding coefficients (Fis) values
close to 1 in the bisexual species investigated to date (Eppley, Taylor
& Jesson 2007; Hutsem�ekers, Hardy & Vanderpoorten 2013).

A species was considered as reproducing sexually when there was
an explicit statement in the literature surveyed and/or when frequency
data and descriptions or measurements of sporophytic characters were
provided. Because information on seta length and spore size was
often missing or incomplete, we did not include these traits in the
analyses. We considered plants to produce specialized asexual propa-
gules if they were described as having deciduous shoot apices, decid-
uous flagelliform shoots, bulbils, gemmae, branchlets, rhizoid
gemmae, caducous or fragile leaves (following Longton & Schuster
1983). Dispersal traits were scored as ‘none’ when there was an
explicit statement that a species lacks diaspores.

DATA COLLECTION

Information on mating systems and production of sporophytes and
specialized asexual diaspores was collected in three data sets. Data set
1 resulted from the scoring of LHTs for island (considering both the
endemic and non-endemic element) and continental floras world-wide.
Sixty-three moss and liverwort floras were selected on the basis of
the availability of recent, critical and/or updated information on
species lists and reproductive traits (Data set 1, Appendix S1 in
Supporting Information).

For Data set 2, we scored from the available literature the three
LHTs in pairs of conspecific populations between islands and the
nearest continent. Because sexual expression and production of diasp-
ores are strongly controlled by macroclimatic factors (Schuster 1988),
the choice of the closest continental areas to perform comparisons
with islands was critical to ensure that all areas belong to the same
biome. We assumed that the nearest continent was the main source
area for islands. This assumption is supported in Macaronesia, a bio-
geographical region comprised of the Azores, Canary Islands and
Madeira, where the bryophyte flora exhibits closer affinities with the
European flora than with any of the other floras world-wide (Vander-
poorten, Carine & Rumsey 2007). Because island species are assumed
to originate from a continental ancestor, and because island taxa are
expected to evolve syndromes in response to the specificities of the
island environment (see Whittaker & Fern�andez-Palacios 2007; for
review), we further assumed that character states observed in islands
are derived. Four pairwise comparisons, two between continental
islands and nearest continent (Germany & Belgium vs. British Isles;
Central America including Mexico vs. West Indies) and two between
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oceanic islands and nearest continent (Iberian Peninsula vs. Madeiran
& Canarian archipelagos; Scandinavia vs. Iceland), were performed in
pleurocarpous mosses (Appendix S1; Data set 2). In total, we made
606 comparisons of traits documented, for each species, in floras of
island and continental areas.

In Data set 3, we selected four unisexual moss species broadly dis-
tributed in Madeira, the Canaries and the Iberian Peninsula to contrast
their LHTs on islands and on continents based on actual specimen
observations. We selected two species known to produce sporophytes
but not specialized asexual diaspores (Isothecium myosuroides and
Leptodon smithii) and two species capable of producing both sporo-
phytes and specialized asexual diaspores (Leucodon sciuroides and
Orthotrichum lyellii). Specimens were sampled from nine herbaria to
cover the complete distribution of the species in the study area. Spe-
cies descriptions and voucher specimens studied are provided in
Appendix S2. Our sampling included 43 collections from Macarone-
sia and 56 from the Iberian Peninsula for I. myosuroides; 52 and 74
for L. smithii; 45 and 64 for L. sciuroides; and 47 and 64 for O. lyel-
lii. We recorded (i) how many of the investigated collections included
at least one shoot exhibiting either sporophytes or specialized asexual
diaspores and (ii) the relative abundance of shoots with sporophytes
and specialized vegetative diaspores (I = 1–5 shoots with sporo-
phytes/asexual diaspores; II = 6 shoots to 50% of shoots; III > 50%
of shoots; IV = absent) within each of the approximately 100 cm2

(10 9 10 cm) collections.

DATA ANALYSIS

Character states observed across species may lack independence due
to their phylogenetic relatedness, requiring a phylogenetic correction
(Harvey & Pagel 1991). Mating systems and dispersal traits were,
however, shown to shift states very quickly along moss and liverwort
phylogenies (Devos et al. 2011; McDaniel, Atwood & Burleigh
2013). This suggests that the phylogenetic component of trait evolu-
tion is low, decreasing the chance of type I errors (Hardenberg &
Gonzalez-Voyer 2013).

The variables mating system (i.e. the proportion of unisexual,
bisexual or unisexual & bisexual species) and dispersal traits (i.e. the
proportion of species producing specialized vegetative diaspores and
sporophytes) met the criteria of normality and homoscedasticity after
arcsine-square root transformation. Variation in those variables
depending on the factors GEO and TAXON was explored in the 63
bryophyte floras world-wide (Data set 1) by multivariate analysis of
variance (MANOVA).

Two-way analyses of variance (ANOVAs) were then carried out for
each life-history trait independently depending on the factors GEO,
TAXON and GEO x TAXON. Because of the trade-offs between
mating systems and dispersal traits, we further explored whether pro-
duction of sporophytes and asexual diaspores depended on GEO,
TAXON and GEO x TAXON for each mating system separately by
two-way ANOVAs. When the interaction between GEO and TAXON
was significant, the two-way ANOVAs were split into two-one-way ANO-

VAs, one for each taxon (i.e. liverworts and mosses) independently,
using GEO as a factor. Average values for each LHT were then com-
puted within each factor combination and ranked using Tukey’s hon-
estly significant difference (HSD) for multiple post hoc comparisons.

We employed Pearson’s chi-squared tests to seek for differences in
the proportion of unisexual and bisexual species on continents, conti-
nental islands and oceanic islands. This analysis was repeated for the
endemic element in a subset of 21 floras. Chi-squared tests were also
employed to seek for differences in LHTs among conspecific

populations in each of the continental and island settings (Data sets 2
and 3). The statistical analyses were carried out in R 2.14.1 (R Devel-
opment Core Team 2011).

Results

GLOBAL ANALYSES OF MATING SYSTEMS AND

DISPERSAL TRAITS DEPENDING ON THE FACTORS GEO

AND TAXON (DATA SET 1)

Significant differences in mating systems and dispersal traits
were observed depending on the factors GEO and TAXON
and their interaction (Table 1a), indicating that LHT variation
may change in a different way among taxa depending on their
occurrence on islands or continents.
The proportion of unisexual and bisexual species varied

significantly with GEO, but not with TAXON (Table 1b).
There were significantly more unisexual species on continents
than on continental islands, and significantly more on conti-
nental islands than on oceanic islands (Table 1b). The number
of bisexual species was higher on both oceanic and continen-
tal islands than on continents (Table 1b). There was a signifi-
cantly higher proportion (2/3) of unisexual than bisexual
species on continents (Fig. 1). A lower, but significant bias
was observed in continental islands, whereas the difference in
the proportion of unisexual and bisexual species on oceanic
islands was not significant (Fig. 1). The results for the ende-
mic element of bryophyte floras were similar (Fig. S1).
The proportions of bryophyte species producing sporophytes,

specialized asexual diaspores, or none of them significantly
differed depending on the factors GEO and TAXON (Table 1b).
Approximately 50% of oceanic island species produced sporo-
phytes, but this proportion was significantly higher on conti-
nents and continental islands. Contrastingly, the proportion of
species producing specialized asexual diaspores or failing to
produce any dispersal trait was significantly higher on oceanic
islands for both native and endemic species (Table 1b; Fig. S1).
There was a significant interaction between GEO and TAXON
for the proportion of species producing specialized asexual
diaspores, which was significantly higher on oceanic islands in
liverworts, but only marginally so in mosses (Table S1).
When variation in dispersal traits was analysed within each

mating system individually, the proportion of species produc-
ing sporophytes was significantly higher on continents and
continental islands than on oceanic islands for both unisexual
and bisexual species. The proportion of species lacking both
sporophytes and specialized asexual diaspores was significantly
higher on oceanic islands than on continents and continental
islands for both unisexual and bisexual species (Table 2).
There was a significant GEO x TAXON interaction in the
production of asexual diaspores in unisexual species. In fact,
there was a significantly higher proportion of unisexual species
producing specialized asexual diaspores on oceanic islands
than on continents in mosses, but not in liverworts (Table S1).
The TAXON factor also accounted for significant differences
in the proportion of species producing specialized asexual
diaspores between liverworts and mosses (Tables 1b and 2).
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DIFFERENCES IN MATING SYSTEMS AND DISPERSAL

TRAITS BETWEEN CONSPECIF IC ISLAND AND

CONTINENTAL POPULAT IONS (DATA SETS 2 AND 3)

There was a higher frequency of shifts from the ‘unisexual and
bisexual’ condition to the bisexual condition in oceanic island/
continent comparisons than in continental island/continent
comparisons (2 9 2 contingency table; v2 = 7.77, P = 0.005;

Table 3). Similarly, the proportion of species exhibiting shifts
from known to unknown sporophyte production was signifi-
cantly higher in oceanic island/continent comparisons than in
continental island/continent comparisons (2 9 2 contingency
table; v2 = 36.35, P < 0.001; Table 3). The opposite trend
was marginally more frequent in continental island/continent
than in oceanic island/continent (2 9 2 contingency table;
v2 = 6.99, P = 0.054; Table 3) comparisons.
In Leptodon smithii and Leucodon sciuroides, the propor-

tion of collections with a least one sporophyte was higher in
collections made in the Iberian Peninsula than on the Macaro-
nesian islands (2 9 2 contingency table; v2 = 6.74, P < 0.01
and v2 = 6.74, P < 0.01). The reverse trend was observed in
Orthotrichum lyellii (2 9 2 contingency table; v2 = 30.72,
P < 0.001) (Fig. 2a). The relative abundance of sporophytes
within the collections was significantly higher for the four
species in collections made on Macaronesian islands than on
Iberian regions (4 9 2 contingency table; from P ≤ 0.05 to
P < 0.001) (Fig. 2b). The proportion of collections with spe-
cialized asexual diaspores did not differ on islands and on the
continent in Orthotrichum lyellii and L. sciuroides (Fig. 2a).
The relative frequency of specimens producing specialized
asexual diaspores within the collections was, however, signifi-
cantly higher on oceanic islands in O. lyellii (4 9 2 contin-
gency table; v2 = 56.31, P < 0.001) (Fig. 2c).

Fig. 1. Number of unisexual and bisexual bryophyte species (in
percentage) on continents, continental islands and oceanic islands in
63 bryophyte floras world-wide, and associated Pearson’s chi-squared
test (v2). ***P < 0.001, ns = P ≥ 0.05.

Table 2. Two-way anova of the proportion of species producing both sporophytes and specialized asexual diaspores; only sporophytes; only
specialized asexual diaspores; and none of these depending the factors GEO (continent, continental island, oceanic island) and TAXON (mosses,
liverworts) in 63 bryophyte floras world-wide, for each of the mating systems investigated (unisexual, bisexual and both unisexual and bisexual).
Average (�SD) proportions of species for each dispersal trait per mating system type depending on the factors GEO and TAXON are shown

Reproductive traits

GEO TAXON TWO-WAY ANOVA (F)

Continent
(n = 29)

Continental is.
(n = 14)

Oceanic is.
(n = 20)

Moss
(n = 51)

Liverwort
(n = 12) GEO TAXON

GEO x
TAXON

Unisexual
Sporophyte and
specialized
asexual diaspores

13.6 � 5.5 7.2 � 4.8 7.1 � 8.1 9.2 � 6.7 12.4 � 8.2 1.405 3.523 3.957

Sporophytes only 33.9 � 5.9a 32.8 � 14.1a 14.0 � 8.2b 29.2 � 12.7 27.3 � 9.5 12.533*** 3.261 2.698
Specialized asexual
diaspores only

4.2 � 2.4a 4.2 � 4.7a 7.2 � 7.0b 4.3 � 4.6a 8.9 � 5.5b 3.725* 5.215* 3.785*

None 6.0 � 3.6a 7.1 � 4.4a 13.9 � 8.4b 8.8 � 6.8 9.1 � 6.9 6.112** 0.858 0.755
Bisexual
Sporophyte and
specialized
asexual diaspores

3.2 � 1.9 3.3 � 3.6 6.3 � 7.9 3.0 � 3.1a 10.0 � 8.3b 0.513 7.729** 0.152

Sporophytes only 26.7 � 9.6a 30.2 � 11.7a 20.8 � 9.5b 26.6 � 9.6 19.2 � 12.9 3.809* 2.738 1.828
Specialized
asexual diaspores only

0.1 � 0.8 0.1 � 0.4 1.4 � 2.6 0.4 � 1.2a 1.9 � 2.7b 1.813§ 4.263* 1.233

None 0.9 � 0.8a 1.2 � 1.0a 7.0 � 7.9b 3.2 � 5.7 1.9 � 2.2 4.051* 3.553 0.183
Unisexual and bisexual
Sporophyte and
specialized
asexual diaspores

5.7 � 15.3a 0.9 � 2.3b 1.3 � 2.9b 0.7 � 0.7a 11.6 � 24.7b 9.345*** 26.625*** 5.713**

Sporophytes only – – – – – – – –

Specialized
asexual diaspores only

0.04 � 0.1 0.08 � 0.2 0.6 � 1.3 0.1 � 0.5 0.09 � 0.2 0.847 0.258 0.258

None 0.2 � 0.1 0.1 � 0.2 0.3 � 0.7 0.1 � 0.4 0.09 � 0.2 0.978 0.021 0.021

§P < 0.06, *P < 0.05, **P < 0.01, ***P < 0.001. Superscript letters indicate significant pairwise differences based on the Tukey HSD test at the
0.05 significance level. is., island.
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Discussion

DO BRYOPHYTES EXHIB IT ISLAND SYNDROMES?

Significant differences in LHTs were observed between conti-
nental and oceanic island bryophyte floras (Table 1). This
finding parallels evidence for structured morphological varia-
tion in bryophytes across large geographical scales (Pereira,
Zartman & Dambros 2013). These observations do not chal-
lenge the well-supported notion that bryophytes are capable
of LDD (Mu~noz et al. 2004; Sundberg 2013; Pati~no et al.
2013a). They suggest, however, that migration rates between
oceanic islands and continents are not sufficient to prevent the
effects of genetic drift and particularly contradict the view
that the sea is not a major impediment for migration in bryo-
phytes (Pati~no et al. 2013b). In fact, while recurrent coloniza-
tion events were reported on islands close to continental
sources in Mediterranean (Grundmann et al. 2007) and Can-
ary Islands (Hutsem�ekers et al. 2011; Laenen et al. 2011),
the limited evidence available for more remote archipelagos
like Hawaii points to single colonization events (Karlin et al.
2011). Except for specialized asexual diaspores, which are
produced by a larger number of liverwort than moss species
(Longton & Schuster 1983), differences in LHTs were not
explained by the TAXON factor, indicating that reproductive
and dispersal traits varied in a homogeneous way in the two
groups and providing independent evidence of the influence
of geographical isolation on those traits.
Globally, the LHTs observed in the oceanic island bryo-

phyte floras were statistically different from those observed in
both continental islands and continents, suggesting that typical
island syndromes affect the bryophyte floras on oceanic
islands, but not on continental ones. Two hypotheses could
explain this difference. First, the bryophyte flora of continental

islands did not originate from dispersal but from a common
species pool (vicariance hypothesis), when the island was con-
nected to the continent in a sufficiently recent past, such as the
last glacial maximum, preventing divergence by genetic drift.
Secondly, the comparatively short distance separating conti-
nental islands as compared to oceanic ones does not impede
migration, erasing the effects of genetic drift (dispersal hypoth-
esis). The latter hypothesis is supported in Mediterranean
islands, where the short distances between islands and the con-
tinent are not an impediment for migration (Grundmann et al.
2007). These two hypotheses are, however, not mutually
exclusive and the biota of continental islands was indeed
shown to originate from a complex mix of vicariance and dis-
persal (Wilm�e, Goodman & Ganzhorn 2006; Goldberg,
Trewick & Paterson 2008; Mansion et al. 2009).

DOES BAKER ’S LAW APPLY TO BRYOPHYTES?

The proportions of unisexual and bisexual species were simi-
lar on oceanic islands (Fig. 1). On continents and continental
islands, conversely, a significantly higher proportion of uni-
sexual species was found, reflecting the notion that about 2/3
of the moss and liverwort species are unisexual (Longton &
Schuster 1983). The proportion of bisexual species in individ-
ual island floras was also significantly higher than that in con-
tinental floras (Table 1b), and significantly higher levels of
bisexuality were observed among endemic species as com-
pared to continental ones (Fig. S1). Finally, there was a
higher proportion of species that are either bisexual or unisex-
ual on continents but exclusively bisexual on oceanic islands
than on continental ones (Table 3). Altogether, these
observations suggest that Baker’s law applies to bryophytes.
In situ selection for selfing, which has been identified as

the main mechanism behind Baker’s law in angiosperm

Table 3. Number (%) of pleurocarpous moss species showing differences in mating systems and production of sporophytes and specialized asex-
ual diaspores between islands and nearest continental areas

Continent?Continental island Continent?Oceanic island

v2 (P-value)

Central
America?Western
Indies (212) (%)†

Belgium–
Germany?UK
(151) (%)†

Iberian
Peninsula?
Macaronesia
(98) (%)†

Scandinavian
Peninsula?Iceland (145) (%)†

Mating system
Unisexual
and Bisexual?
Unisexual

2 (1.88) 6 (3.97) 3 (4.08) 2 (1.37) 0.03

Unisexual and
Bisexual?Bisexual

4 (1.88) 3 (1.98) 11 (9.18) 6 (3.44) 7.77**

Sporophytes
Known?None 26 (12.26) 11 (7.28) 26 (26.53) 61 (44.82) 36.35***
None?Known 13 (6.13) 12 (7.94) 4 (4.08) 0 (0) 6.99§

Specialized
asexual diaspores
Known?None 6 (2.83) 5 (3.31) 3 (3.06) 4 (2.75) 0.02 (0.888)
None?Known 1 (0.47) 11 (7.28) 5 (5.10) 1 (0.68) 0.11 (0.739)

†The total number of species considered for each pairwise comparison is provided between brackets. v2 statistics are reported and significant dif-
ferences are highlighted in bold (§P < 0.06, **P < 0.01, ***P < 0.001).
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(c) Abundance of specialized asexual diaspores 

(a) Production of sporophyte or specialized asexual diaspores 

(b) Abundance of sporophytes

Fig. 2. Proportion of 10 9 10 cm colonies
producing sporophytes or specialized asexual
diaspores (a) and frequency of specimens within
colonies with sporophytes (b) or specialized
asexual diaspores (c) in the mosses Leptodon
smithii (Lept_smit; n = 79), Isothecium myosuroides
(Isot_myos; 93), Leucodon sciuroides (Leuc_sciu;
107) and Orthotrichum lyellii (Orth_lyel; 99) on
continental (cont in b and c; Iberian Peninsula) and
oceanic island regions (is in b and c; Madeira and
the Canary Islands). Pearson’s chi-squared analyses
were used to test whether the percentages were
significantly different.
*P < 0.05, **P < 0.01, ***P < 0.001, ns = P ≥-
0.05.
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(Barrett 1996; Cheptou 2012) and fern (De Groot et al. 2012)
populations with extremely weak densities following LDD
might, however, not be the only underlying process in bryo-
phytes. Living bryophyte diaspores can be found in (see Boch
et al. 2013 for review) or on (Lewis-Smith 1999; Heinken
et al. 2001) animals by chance, but the significance of zooch-
orous dispersal of specialized vegetative diaspores in explain-
ing patterns of genetic variation has been questioned
(Korpelainen et al. 2011). Therefore, wind has long been
identified as the main vector for LDD in bryophytes (Mu~noz
et al. 2004; Sundberg 2013). The wind-dispersed units in
bryophytes are the spores, which are on average smaller than
asexual diaspores (Longton 1997; but see Pohjamo et al.
2006). A small diaspore size has in fact been identified as a
critical condition for efficient wind LDD, with diaspores big-
ger than 20 lm in diameter becoming increasingly unlikely to
be wind-dispersed (Wilkinson et al. 2012). As opposed to
green asexual diaspores, spores further exhibit a higher resis-
tance to frost and drought that prevail in high-altitude air cur-
rents (van Zanten 1978a,b). In bryophytes, spore production
involves that the sperm swims to the archegonia via a contin-
uous film of water, although microarthropods might locally
enhance the process (Cronberg, Natcheva & Hedlund 2006).
This strict reliance on water for fertilization imposes a severe
constraint in the reproductive biology of unisexual species,
leading to substantially lower rates of sexual reproduction in
the latter. In a study on the reproductive biology of British
mosses, Longton (1997) found, for instance, that 77% of the
species, for which sporophytes are unknown, are unisexual,
whereas sporophytes are commonly found in 30% of the
bisexual species. Therefore, bisexual species may be overrep-
resented on islands because they produce more capsules, and
hence, larger number of spores potentially able to reach oce-
anic islands after LDD than unisexual ones.

DO ISLAND BRYOPHYTES LOSE DISPERSAL POWER?

The proportion of species producing specialized asexual diasp-
ores was higher on islands than on continents (Table 1b).
Furthermore, oceanic island populations of Orthotrichum lyellii
produced significantly more specialized asexual diaspores than
continental ones (Fig. 2c). Conversely, a significantly higher
proportion of species failed to produce sporophytes on islands
than on continents (Table 2). In the moss Syrrhopodon involu-
tus, similarly, a significant negative correlation between the
presence of gametangia and the distance from mainland S.E.
Asia was documented (Fischer 2011).
Failure to produce sporophytes on islands might merely

reflect the necessity, in unisexual species, for both sexes to occur
within the close vicinity of each other following LDD (Cronberg
2002). The proportion of bisexual species lacking sporophytes
was, however, also higher on islands than on continents.
Environmental conditions have repeatedly been reported to

affect sexual reproduction (Longton 1997), so that the
observed shifts in reproductive strategies could be interpreted
in terms of a more humid and buffered climate on islands.
Water availability conditions sex expression and, in unisexual

species, the development of female-only populations (Benassi
et al. 2011 for review). An oceanic island climate would
hence, at first sight, promote sexual reproduction, which is
not compatible with the general trend towards decreased spo-
rophyte production reported here. Furthermore, we still found
differences in LHTs between the Iberian Peninsula, Madeira
and the Canary Islands, which belong to the same biome and
exhibit a comparable range of climatic conditions, from arid
environments to evergreen cloud forests. The interpretation
that the observed shifts in LHTs are caused by differences in
climatic conditions between islands and continents therefore
seems insufficient to explain the observed patterns. Experi-
mental studies under controlled conditions would, however,
be necessary to disentangle the potential role of climate in the
observed shifts in LHTs.
Alternatively, the observed increase in production of spe-

cialized asexual diaspores and decrease in the proportion of
species reproducing sexually on islands might be adaptive.
Clonal reproduction ensures rapid population growth follow-
ing founding events. In fact, establishment rates in bryophytes
were experimentally shown to be higher from asexual diasp-
ores than from spores (L€obel, Sn€all & Rydin 2009; L€obel &
Rydin 2010). Asexual diaspores allow for early reproduction
and, as compared to spores, are less sensitive to habitat qual-
ity (L€obel, Sn€all & Rydin 2009). Asexual reproduction also
results in the production of new gametophytes at a faster rate
than sexual reproduction (Mishler & Newton 1988). These
features might be crucial for establishment on islands, where
the abundance of empty niches might select for fast and
efficient dispersal mechanisms at the local scale (Bushakra
et al. 1999; Lhuiller, Butaud & Bouvet 2006; Franks 2009;
but see Franks et al. 2004).
In this hypothesis, two mechanisms might account for the

lower proportion of species producing sporophytes on oceanic
islands than on continents. First, although empirical confirma-
tion is lacking in bryophytes (Algar-Hedderson, S€oderstr€om &
Hedderson 2013; but see Fuselier & McLetchie 2002), theoreti-
cal models predict a negative trade-off in resource allocation
between asexual and sexual reproduction (Sutherland & Vic-
kery 1988). This idea is somewhat weakened by theoretical
models predicting that, if dispersal traits are plastic, an increase
in dispersal rate, and hence, of spore production should be
observed (Ronce et al. 2005). Alternatively, recent evidence
indicates that sex expression is under genetic control (Horsley,
Stark & McLetchie 2011), raising the hypothesis that ‘vegeta-
tive’ ecotypes might be selected on islands.
While a clear pattern of decrease in sexual reproduction and

increase in asexual propagation emerges from the analysis of
LHTs in oceanic island bryophytes, approximately 50% of the
species, however, still produce sporophytes (Table 1b). In
species that are fertile in Madeira and the Canarian Islands, the
density of fertile shoots per 100 cm2 was even higher on islands
than on the continent and in O. lyellii, the frequency of fertile
collections exhibited the same trend (Fig. 2a,b). Altogether,
these observations suggest that a substantial proportion of spe-
cies maintain the potential for LDD on oceanic islands. In fact,
migration rates from and towards the Macaronesian islands
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derived from population genetic estimators were balanced in
the moss Rhynchostegium riparioides (Hutsem�ekers et al.
2011). European populations of the liverwort Radula linden-
bergiana were shown to derive from Macaronesian ancestors
(Laenen et al. 2011). Macaronesia, with its comparatively sta-
ble climate and larger area size during the last glacial periods
(Fern�andez-Palacios et al. 2011), was hence identified as a
refugium where bryophyte species exhibit higher genetic diver-
sity than on the continent (Freitas & Brehm 2001; Laenen et al.
2011). Altogether, these observations support mounting evi-
dence that oceanic islands are not necessarily the ‘end of the
colonization road’ (Bellemain & Ricklefs 2008; Harbaugh
et al. 2009; Fern�andez-Mazuecos & Vargas 2011), but instead
increasingly appear as reservoirs for continental floras.
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Alvarenga, L.D.P., Pôrto, K. & Zartman, C.E. (2013) Sex ratio, spatial segrega-
tion and fertilization rates of the epiphyllous moss Crossomitrium patrisiae
(Brid.) Mull. Hal. in the Brazilian Atlantic rainforest. Journal of Bryology,
35, 88–95.

Baker, H.G. (1955) Self-compatibility and establishment after ‘long distance’
dispersal. Evolution, 9, 347–348.

Baker, H.G. (1967) Support for Baker’s law as a rule. Evolution, 21, 853–856.
Barrett, S.C.H. (1996) The reproductive biology and genetics of island plants.
Philosophical Transactions of the Royal Society B: Biological Sciences, 351,
725–733.

Bellemain, E. & Ricklefs, R.E. (2008) Are islands the end of the colonization
road? Trends in Ecology and Evolution, 23, 461–468.

Benassi, M., Stark, L.R., Brinda, J.C., McLetchie, D.N., Bonine, M. & Mishler,
B.D. (2011) Plant size, sex expression and sexual reproduction along an ele-
vation gradient in a desert moss. The Bryologist, 114, 277–288.

Bisang, I., Ehrl�en, J. & Heden€as, L. (2004) Mate limited reproductive success
in two dioicous mosses. Oikos, 104, 291–298.

Bisang, I. & Heden€as, L. (2005) Sex ratio patterns in dioicous bryophytes
re-visited. Journal of Bryology, 27, 207–219.

Boch S. Berlinger, M., Fischer, M., Knop, E., Nentwig, W., T€urke, M. & Prat,
D. (2013) Fern and bryophyte endozoochory by slugs. Oecologia, 172, 817–
822.

Busch, J.W. (2011) Demography, pollination, and Baker’s law. Evolution, 65,
1511–1513.

Bushakra, J.M., Hodges, S.A., Cooper, J.B. & Kaska, D.D. (1999) The extent
of clonality and genetic diversity in the Santa Cruz Island ironwood, Lyono-
thamnus floribundus. Molecular Ecology, 8, 471–475.

Carlquist, S.C. (1965) Island Life: A Natural History of the islands of World.
Natural History Press, Garden City, New York, USA.

Cheptou, P.O. (2012) Clarifying Baker’s Law. Annals of Botany, 109, 633–641.
Cheptou, P.O. & Massol, F. (2009) Pollination fluctuations drive evolutionary
syndromes linking dispersal and mating system. American Naturalist, 174,
46–55.

Cody, M.L. & Overton, J.M. (1996) Short-term evolution of reduced dispersal
in island plant populations. Journal of Ecology, 84, 53–61.

Colautti, R.I., White, N.A. & Barrett, S.C.H. (2012) Variation of self-incompat-
ibility within invasive populations of purple loosestrife (Lythrum salicaria
L.) from eastern north America. International Journal of Plant Sciences,
171, 158–166.

Crawford, D.J., Anderson, G.J. & Bernardello, G. (2011) The reproductive biol-
ogy of island plants. The Biology of Island Floras (eds D. Bramwell & J. Cau-
jap�e-Castells), pp. 11–36. Cambridge University Press, Cambridge.

Crawford, M., Jesson, L.K. & Garnock-Jones, P.J. (2009) Correlated evolution of
sexual system and life history traits in mosses. Evolution, 63, 1129–1142.

Cronberg, N. (2002) Colonization dynamics of the clonal moss Hylocomium
splendens on islands in a Baltic land uplift area: reproduction, genet distribu-
tion and genetic variation. Journal of Ecology, 90, 925–935.

Cronberg, N., Natcheva, R. & Hedlund, K. (2006) Microarthropods mediate
sperm transfer in mosses. Science, 313, 1255.

De Groot, G.A., Verduyn, B., Wubs, E.R.J., Erkens, R.H.J. & During, H.J. (2012)
Inter-and intraspecific variation in fern mating systems after long-distance colo-
nization: the importance of selfing. BioMed Central Plant Biology, 12, e3.

Devos, N., Renner, M.A.M., Gradstein, R., Shaw, A.J., Laenen, B. & Vander-
poorten, A. (2011) Evolution of sexual systems, dispersal strategies and habitat
selection in the liverwort genus Radula. New Phytologist, 192, 225–236.

Dornier, A., Munoz, F. & Cheptou, P.O. (2008) Allele effect and self-fertiliza-
tion in hermaphrodites: reproductive assurance in a structured metapopula-
tion. Evolution, 62, 2558–2569.

During, H.J. (2007) Relations between clonal growth, reproduction and breed-
ing system in the bryophytes of Belgium and The Netherlands. Nova Hedwi-
gia Supplement, 131, 133–145.

Eppley, S.M., Taylor, P.J. & Jesson, L.K. (2007) Self-fertilization in mosses: a
comparison of heterozygote deficiency between species with combined versus
separate sexes. Heredity, 98, 38–44.

Fern�andez-Mazuecos, M. & Vargas, P. (2011) Genetically depauperate in the
continent but rich in oceanic islands: Cistus monspeliensis (Cistaceae) in the
Canary Islands. PLoS ONE, 6, e17172.

Fern�andez-Palacios, J.M., De Nascimento, L., Otto, R., Delgado, J.D., Garci�a-
del-Rey, E., Ar�evalo, J.R. & Whittaker, R.J. (2011) A reconstruction of Pal-
aeo-Macaronesia, with particular reference to the long-term biogeography of
the Atlantic island laurel forests. Journal of Biogeography, 38, 226–248.

Fischer, K. (2011) Sex on the edge: reproductive patterns across the geographic
range of the Syrrhopodon involutus (Calymperaceae) complex. The Bryolo-
gist, 114, 674–685.

Franks, S.J. (2009) Genetics, Evolution, and Conservation of Island Plants.
Journal of Plant Biology, 53, 1–9.

Franks, S.J., Richards, C.L., Gonzales, E., Cousins, J.E. &Hamrick, J.L. (2004)Multi-
scale genetic analysis ofUniola paniculata (Poaceae): a coastal species with a linear,
fragmented distribution. American Journal of Botany, 91, 1345–1351.

Freitas, H. & Brehm, A. (2001) Genetic diversity of the Macaronesian leafy liv-
erwort Porella canariensis inferred from RAPD markers. Journal of Hered-
ity, 92, 339–345.

Fresnillo, B. & Ehlers, B.K. (2008) Variation in dispersibility among mainland
and island populations of three wind dispersed plant species. Plant Systemat-
ics and Evolution, 270, 243–255.

Fuselier, L. & McLetchie, D.N. (2002) Maintenance of sexually dimorphic pre-
adult traits in Marchantia inflexa (Marchantiaceae). American Journal of Bot-
any, 89, 592–601.

Goldberg, J., Trewick, S.A. & Paterson, A.M. (2008) Evolution of New
Zealand’s terrestrial fauna: a review of molecular evidence. Philosophical
Transactions of the Royal Society B: Biological Sciences, 363, 3319–3334.

Groen, K.E., Stieha, C.R., Crowley, P.H. & McLetchie, D.N. (2010) Sex-spe-
cific plant responses to light intensity and canopy openness: implications for
spatial segregation of the sexes. Oecologia, 162, 561–570.

Grundmann,M., Ansell, S.W., Russell, S.J., Koch,M.A. &Vogel, J.C. (2007) Genetic
structure of the widespread and common Mediterranean bryophyte Pleurochaete
squarrosa (Brid.) Lindb. (Pottiaceae) – evidence from nuclear and plastid DNA
sequence variation and allozymes.Molecular Ecology, 16, 709–722.

Harbaugh, D.T., Wagner, W.L., Allan, G.J. & Zimmer, E.A. (2009) The
Hawaiian Archipelago is a stepping stone for dispersal in the Pacific: an
example from the plant genus Melicope (Rutaceae). Journal of Biogeogra-
phy, 36, 230–241.

Hardenberg, A.V. & Gonzalez-Voyer, A. (2013) Disentangling evolutionary
cause-effect relationships with phylogenetic confirmatory path analysis. Evo-
lution, 67, 378–387.

Harvey, P.H. & Pagel, M. (1991) The Comparative Method in Evolutionary
Biology. Oxford University Press, Oxford.

Heinken, T., Lees, R., Raudnitschka, D. & Runge, S. (2001) Epizoochorous
dispersal of bryophyte stem fragments by roe deer (Capreolus capreolus)
and wild boar (Sus scrofa). Journal of Bryology, 23, 293–300.

© 2013 The Authors. Journal of Ecology © 2013 British Ecological Society, Journal of Ecology, 101, 1245–1255

1254 J. Pati~no et al.



Horsley, K., Stark, L.R. & McLetchie, D.N. (2011) Does the silver moss Bryum
argenteum exhibit sex-specific patterns in vegetative growth rate, asexual fit-
ness or prezygotic reproductive investment? Annals of Botany, 107, 897–907.

Hutsem�ekers, V., Hardy, O.J. & Vanderpoorten, A. (2013) Does water facilitate
gene flow in spore-producing plants? Insights from the fine-scale genetic struc-
ture of the aquatic moss Rhynchostegium riparioides. Aquatic Botany, 108, 1–6.

Hutsem�ekers, V., Sz€ov�enyi, P., Shaw, A.J., Gonz�alez-Mancebo, J.-M., Mu~noz,
J. & Vanderpoorten, A. (2011) Oceanic islands are not sinks of biodiversity
in spore-producing plants. Proceedings of the National Academy of Sciences
USA, 108, 18989–18994.

Karlin, E., Hotchkiss, S.C., Boles, S.B., Stenøien, H.K., Hassel, K., Flatberg,
K.I. & Shaw, A.J. (2011) High genetic diversity in a remote island popula-
tion system: sans sex. New Phytologist, 193, 1088–1097.

Korpelainen, H., Cr€autlein, M., Laaka-Lindberg, S. & Huttunen, S. (2011)
Fine-scale spatial genetic structure of a liverwort (Barbilophozia attenuata)
within a network of ant trails. Evolutionary Ecology, 25, 45–57.

Laenen, B., D�esamor�e, A., Devos, N., Shaw, A.J., Gonz�alez-Mancebo, J.M., Car-
ine, M.A. & Vanderpoorten, A. (2011) Macaronesia: a source of hidden genetic
diversity for post-glacial recolonization of western Europe in the leafy liverwort
Radula lindenbergiana. Journal of Biogeography, 38, 631–639.

Lewis-Smith, R.I. (1999) Biological and environmental characteristics of three
cosmopolitan mosses dominant in continental Antarctica. Journal of Vegeta-
tion Science, 10, 231–242.

Lhuiller, E., Butaud, J.F. & Bouvet, J.-M. (2006) Extensive clonality and strong
differentiation in the insular Pacific tree Santalum insulare: implications for
its conservation. Annals of Botany, 98, 1061–1072.

L€obel, S. & Rydin, H. (2010) Trade-offs and habitat constraints in the estab-
lishment of epiphytic bryophytes. Functional Ecology, 24, 887–897.

L€obel, S., Sn€all, T. & Rydin, H. (2009) Sexual system, reproduction mode and dia-
spore size affect metacommunity diversity. Journal of Ecology, 97, 176–185.

Longton, R.E. (1997) Reproductive biology and life-history strategies.
Advances in Bryology, 6, 65–101.

Longton, R.E. & Schuster, R.M. (1983) Reproductive biology. New Manual of Bryol-
ogy (ed. R.M. Schuster), pp. 386–462. The Hattori Botanical Laboratory, Nichinan.

Mansion, G., Selvi, F., Guggisberg, A. & Conti, E. (2009) Origin of Mediterra-
nean endemics in the Boraginales: integrative evidence from molecular dating
and ancestral area reconstruction. Journal of Biogeography, 36, 1282–1296.

McDaniel, S.F., Atwood, J. & Burleigh, J.G. (2013) Recurrent evolution of
dioecy in bryophytes. Evolution, 67, 567–572.

McLetchie, D.N. (1996) Sperm limitation and genetic effects on fecundity in the dioe-
cious liverwort Sphaerocarpos texanus. Sexual Plant Reproduction, 9, 87–92.

Mishler, B.D. & Newton, A.E. (1988) Influences of mature plants and desicca-
tion on germination of spores and gametophytic fragments of Tortula. Jour-
nal of Bryology, 15, 327–342.

Mu~noz, J., Felicisimo, A.M., Cabezas, F., Burgaz, A.R. & Martinez, I. (2004)
Wind as a long-distance dispersal vehicle in the southern hemisphere. Sci-
ence, 304, 1144–1147.

Olivieri, I., Michalakis, Y. & Gouyon, P.-H. (1995) Metapopulation genetics
and the evolution of dispersal. American Naturalist, 146, 202–228.

Pati~no, J., Medina, R., Vanderpoorten, A., Gonz�alez-Mancebo, J.M., Werner,
O., Devos, N., Mateo, R.G., Lara, F. & Ros, R.M. (2013a) Origin and fate
of the single-island endemic moss Orthotrichum handiense. Journal of Bio-
geography, 40, 857–868.

Pati~no, J., Guilhaumon, F., Whittaker, R., Triantis, K., Gradstein, S.R., Hedenas,
L., Gonz�alez-Mancebo, J.M. & Vanderpoorten, A. (2013b) Accounting for data
heterogeneity in patterns of biodiversity: an application of linear mixed effect
models to the oceanic island biogeography of spore-producing plants. Ecogra-
phy, 36, 904–913.

Pepin, F., Hugonnot, V. & Celle, J. (2013) Sex ratio patterns and fertility at
different spatial scales in Hamatocaulis vernicosus (Mitt.) Heden€as. Journal
of Bryology, 34, 64–71.

Pereira, M.R., Zartman, C.E. & Dambros, C.S. (2013) Will the real Syrrhopodon
leprieurii please stand up? Topographic and distance effects on phenotypic
variation in a widespread Neotropical moss. The Bryologist, 116, 58–64.

Pohjamo, M., Laaka-Lindberg, S., Ovaskainen, O. & Korpelainen, H. (2006)
Dispersal potential of spores and asexual gemmae in a epixylic hepatic Anas-
trophyllum hellerianum. Evolutionary Ecology, 20, 415–430.

R Development Core Team (2011) A Language and Environment for Statistical
Computing. R Foundation for Statistical Computing, Vienna, Austria. ISBN
3-900051-07-0, URL http://www.R-project.org/.

Ronce, O., Brachet, S., Olivieri, I., Gouyon, P.H. & Clobert, J. (2005) Plastic
changes in seed dispersal along ecological succession: theoretical predictions
from an evolutionary model. Journal of Ecology, 93, 431–440.

Rydgren, K., Cronberg, N. & Økland, R. (2006) Factors influencing reproductive
success in the clonal moss, Hylocomium splendens. Oecologia, 147, 445–454.

Sakai, A.K., Wagner, W.L., Ferguson, D.M. & Herbst, D.R. (1995) Origins of
dioecy in the Hawaiian flora. Ecology, 76, 2517–2529.

Schuster, R.M. (1988) Ecology, reproductive biology and dispersal of hepaticae
in the tropics. Journal of Hattori Botanical Laboratory, 64, 237–269.

Shortlidge, E.E., Rosenstiel, T.N. & Eppley, S.M. (2012) Tolerance to environ-
mental desiccation in moss sperm. New Phytologist, 194, 741–750.

Stark, L.R., McLetchie, D.N. & Eppley, S.M. (2010) Sex ratios and the shy
male hypothesis in the moss Bryum argenteum (Bryaceae). The Bryologist,
113, 788–797.

Sundberg, S. (2013) Spore rain in relation to regional sources and beyond.
Ecography, 36, 364–373.

Sutherland, S. & Vickery, R.K. (1988) Trade-offs between sexual and asexual
reproduction in the genus Mimulus. Oecologia, 76, 330–335.

Sz€ov�enyi, P., Ricca, M. & Shaw, A.J. (2009) Multiple paternity and sporophytic
inbreeding depression in a dioicous moss species. Heredity, 103, 394–403.

Talavera, M., Arista, M. & Ortiz, P.L. (2012) Evolution of dispersal traits in a
biogeographical context: a study using the heterocarpic Rumex bucephalo-
phorus as a model. Journal of Ecology, 100, 1194–1203.

Taylor, P.J., Eppley, S.M. & Jesson, L.K. (2007) Sporophytic inbreeding depres-
sion in mosses occurs in a species with separate sexes but not in a species with
combined sexes. American Journal of Botany, 94, 1853–1859.

Vanderpoorten, A., Carine, M.A. & Rumsey, F. (2007) Does Macaronesia
exist? Conflicting signal in the bryophyte and pteridophyte floras. American
Journal of Botany, 94, 625–639.

Ward, M., Johnson, S.D. & Zalucki, M.P. (2012) Modes of reproduction in
three invasive milkweeds are consistent with Baker’s Rule. Biological Inva-
sions, 14, 1237–1250.

Whittaker, R.J. & Fern�andez-Palacios, J.M. (2007) Island Biogeography:
Ecology, Evolution, and Conservation, 2nd edn. Oxford University Press,
Oxford.

Wilkinson, D.M., Koumoutsaris, S., Mitchell, E.A.D. & Bey, I. (2012) Model-
ling the effect of size on the aerial dispersal of microorganisms. Journal of
Biogeography, 39, 89–97.

Wilm�e, L., Goodman, S.M. & Ganzhorn, J.U. (2006) Biogeographic evolution
of Madagascar’s microendemic biota. Science, 312, 1063–1065.

van Zanten, B.O. (1978a) Experimental studies on trans-oceanic long-range
dispersal of moss spores in the southern hemisphere. Bryophytorum Biblio-
theca, 13, 715–733.

van Zanten, B.O. (1978b) Experimental studies on trans-oceanic long-range dis-
persal of moss spores in the southern hemisphere. Journal of the Hattori
Botanical Laboratory, 44, 455–482.

Received 4 April 2013; accepted 13 June 2013
Handling Editor: Glenn Matlack

Supporting Information

Additional Supporting Information may be found in the online
version of this article:

Appendix S1. Geographical regions, taxonomic group, number of
species and literature sources used in Data sets 1 and 2.
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voucher specimens studied (Data set 3).
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